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ABSTRACT
STRUCTURAL AND DYNAMIC FEATURES OF A TRANSIENTLY ASSEMBLED COMPLEX
BETWEEN A BACTERIAL TYROSINE

KINASE AND ITS COGNATE PHOSPHATASE
By

Imane Djemil
Advisor: Dr. Ranajeet Ghose
Bacterial tyrosine kinases (BY-kinases) and their cognate Low Molecular Weight Tyrosine
Phosphatases (LMW-PTP) work synergistically to regulate diverse physiological processes in
both Gram-negative and Gram-positive bacteria. Of these processes, the most widely recognized
role of the kinase/phosphatase pair is the biosynthesis and transport of surface polysaccharides.
A process that is key in protecting bacterial cell from a variety of environmental stresses through
biofilm formation, and the generation of virulence-determining capsules in pathogenic strains.
BY-kinases contain a C-terminal tyrosine rich cluster (Y-cluster) located on the catalytic domain
that undergoes auto-phosphorylation and is subsequently dephosphorylated by the cognate
LMW-PTPs.

This

phosphorylation/dephosphorylation

cycle

rather

than

individual

phosphorylation events has been proposed to drive the synthesis and transport of
polysaccharides. Despite considerable genetic and biochemical studies, the precise details of the
interaction between a BY-kinase and its cognate LMW-PTP, crucial to fully understand the
mechanism of regulation governing the phosphorylation/dephosphorylation cycle that is critical
for function, remains elusive.
Using the catalytic domain of the E. coli (K12) BY-kinase Wzc (WzcCD) and its cognate
LMW-PTP (Wzb) that are involved in the synthesis of the exopolysaccharide colanic acid as a
iv

model kinase/phosphatase pair and utilizing a variety of solution NMR-based approaches, we
derive a structural model of their complex. This structure provided atomistic insights into the
interactions between a BY-kinase and its cognate LMW-PTP for the very first time. The kinase
engages a site that lies distal to the catalytic site of the phosphatase but all phosphorylatable
tyrosines of the kinase Y-cluster are able to access the catalytic machinery of the phosphatase.
In addition to providing atomistic insight into the interaction, the structure of the complex
also allows the interpretation of the millisecond dynamics that are activated in the phosphatase
upon engagement of the kinase. Our results suggest that remote docking events are transiently
communicated to the active site of phosphatase likely priming its catalytic machinery for the
chemical step. We expect that these studies lay the groundwork for similar detailed analyses of
the structure and dynamics for other bacterial BY-kinase/phosphatase pairs to provide a clear
view on the function of this unique but widely conserved components in bacterial signaling.

v
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Overview of protein phosphorylation and dephosphorylation

Protein phosphorylation and dephosphorylation processes are the most widespread
regulatory mechanism involving post-translation modification found in both prokaryotes and
eukaryotes

1–3

. This type of modification plays a fundamental role in regulating biological

processes such as cell growth and differentiation, cell proliferation, apoptosis, metabolic
pathways, and gene expression 4. Two families of counteracting enzymes known as protein
kinases (PK) (caries the phosphorylation event) and protein phosphatases (carries the
dephosphorylation event) play a crucial role in maintaining the balance between the
phosphorylated and dephosphorylated state. Protein phosphorylation by protein kinases is
executed by the transfer of a high energy γ-phosphate (PO4) group from ATP to a hydroxyl
moiety of amino acids (Serine (Ser), Threonine (Thr), Tyrosine (Tyr)) of the protein substrate 5,6.
The counteracting protein phosphatases hydrolyzes the phosphorylated protein substrate to yield
a restored amino acid and inorganic phosphate 4 (Figure 1-1).
Imane Djemil - May 2020

1

Structural and Dynamic Features of a Transiently Assembled Complex between a Bacterial Tyrosine Kinase and its
Cognate Phosphatase

Figure 1-1 Protein phosphorylation and dephosphorylation scheme.

The synchronized activity of protein kinases and protein phosphatases safeguards the
optimal level of protein phosphorylation in the cell to maintain cellular equilibrium. Protein
phosphorylation generally results in conformational changes to the protein surface, thus
modulating its activity or specificity. Other effects induced by phosphorylation include the
creation of binding sites for downstream signaling proteins recruitment and subsequent
activation 7. A finely tuned regulation of these signaling pathways is crucial in the prevention of
many diseases that result from the deregulation of the kinases or phosphatases activity 8. Based
on their substrate specificity, protein kinases and phosphatases are categorized into tyrosine
(Tyr), and serine/threonine (Ser/Thr) kinases and phosphatases. Given their role in cellular
signaling,

regulatory

interaction

with

downstream

targets,

and

the

mechanism

of

activation/deactivation, both protein kinase and phosphatase have been extensively studied as
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potential pharmaceutical targets 9–11.

1.1.1 Protein kinases in eukaryotes versus prokaryotes

In the mid-1950s Krebs, and Fischer demonstrated the first direct evidence of the involvement
of protein phosphorylation in the metabolic pathways of eukaryotes. They illustrated that in
rabbit skeletal muscle, glycogen phosphorylase (a Ser/Thr kinase) was regulated by the addition
and removal of a phosphate group, highlighting that reversible phosphorylation has a regulatory
role in enzyme activity 12. Protein phosphorylation- dephosphorylation since then has evolved as
a key regulatory mechanism in cellular signaling. The human genome encodes more than 500
protein kinases, 90 of which are Tyr specific13,14 and the remaining kinases are either Ser or Thr
specific15.

All eukaryotic kinases share a conserved three-dimensional structure catalytic

domain, and possess the so-called Hanks-motifs 16.
Protein phosphorylation was thought of as a late evolutionary response to the specific needs of
higher eukaryotes, while prokaryotes lacked this regulatory mechanism. The first confirmed
prokaryotic phosphorylation mechanism was the two component systems (TCS) known as
histidine/aspartate kinases, involved in gene expression and regulation 17–19. These findings led to
the assumption that Ser/Thr/Tyr phosphorylation is a trait of eukaryotic cells and histidine
phosphorylation in the TCS system as a trait strictly associated with prokaryotes 3,20. Since then,
however, hundreds of homologous TCSs have been identified in eukaryotic organisms such as
yeast

21

, and plants

22

, as well as the discovery that bacterial cells also posses eukaryotic like

Ser/Thr kinases 23.
Despite the initial evidence of tyrosine phosphorylation in bacteria in the early 1980s, there
were no identifiable eukaryotic like tyrosine kinases 24. Instead, studies introduced a new family
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of bacterial proteins that auto-phosphorylate at the expense of ATP, known as bacterial tyrosine
kinases (BY-kinases)25. The first characterized BY-kinase was Ptk from Acinetobacter johnsonii
26

. Tyrosine phosphorylation in bacteria by BY-kinases are now considered to be ubiquitous,

other example of a BY-kinase are Wzc from E. Coli

27

, and Ptk from A. johnsonii

28

. Studies

have associated them with a variety of cellular processes, such as cell division and growth, stress
response, and biofilm formation, an important virulence factor

29,30

. These endogenous kinases

auto-phosphorylate at multiple tyrosine residues and are dephosphorylated by their cognate lowmolecular weight protein tyrosine phosphatases (PTPs)

27

, the interaction between the pair,

which will be the focus of this thesis, serves as an important factor in the regulation of cellular

physiology (Section 1.2 below).

1.1.2 Protein Tyrosine Phosphatases in eukaryotes versus prokaryotes

Since the first discovery of eukaryotic protein tyrosine phosphatase (PTP), PTP1B
dephosphorylation activity toward a diverse selection

31

, their

of cellular substrates have been

extensively studies, shedding light on the vital role they play in different cellular functions 32–34.
Members of the PTP family serve as important regulators of cell-cell communication, signal
transduction and many other aspects of cell physiology

35

. As with the prokaryotic kinases, the

role of prokaryotic phosphatases was not initially acknowledged due to the relatively rapid
hydrolysis of the phosphorylated histidine in the TCS. However, with the discovery of bacterial
kinases and the apparent fact that phosphorylated, Ser/ Thr/Tyr, residues do not undergo rapid
hydrolysis deemed the need for specific phosphatases necessary for the proper maintenance of
cellular equilibrium

36–38

. With the increased availability of the bacterial genome, the

identification of associated protein phosphatases was facilitated

Imane Djemil - May 2020
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bacterial cells house eukaryotic-like tyrosine phosphatases. They have developed sophisticated
systems to modulate host cellular response in order to survive 33.

1.1.3 Classification of Protein tyrosine phosphatases (PTP)

The human genome encodes about 107 genes of the cysteine-based PTP family, they share a
characteristic phosphate binding loop with a V/HC(X)5RS/T motif at their catalytic site

40

. The

family of cysteine-based PTPs are subdivide into three classes: (I) the classical and dual
specificity PTPs, (II) the low molecular weight (LMW-PTP) PTPs, and (III) the Cdc25
family41,42. Prokaryotes and eukaryotes share a strong resemblance in two out of the three
classes, Class I and Class II. In the context of bacterial PTPs, only these two classes will be
further mentioned here:
1) Class I of cysteine-based PTPs, are the high molecular weight PTP (HMW-PTP, ~30kDa)
that includes two types of phosphatases: the classical PTPs and the dual-specificity phosphatases
(DSPs)40. Classical PTPs are phosphotyrosine (pTyr) specific, owing to the depth of their active
site pocket that is about ~9 Å deep, where the catalytic cysteine is only accessible to the longer
pTyr substrate 8. Conversely, DSPs have shallower active site cavity within ~ 6 Å deep which
enables them to dephosphorylate

pTyr, pSer, and pThr substrates

43

. PTPs exist as either

receptor tyrosine phosphatases (RTPs), with an extracellular membrane bound receptor domain
for ligand binding and signal transmission and intracellular catalytic domain(s), or as nonreceptor tyrosine phosphatases (NRTPs) that lie in the cytoplasmic region

44–47

.

The first

classical bacterial PTP discovered was YopH from Yersinia pseudotuberculosis48. Studies have
shown that bacteria contains both types of Class I PTPs, the classical PTPs49, and the DSPs50.
They share a similar structural fold with their eukaryotic counter part. Several of the bacterial
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classical PTPs act as a pathogen during infection by dephosphorylating the phosphorylated
kinases of the host and/or substrates, causing disruptions to normal cell function such as
phagocytic arrest and disruption of actin polymerization48,51. For example, once injected into
human epithelial cells, the classical PTP, YopH, acts as a virulent factor by dephosphorylating
several adhesion proteins 48,51.
2) Class II of the cysteine based PTPs, are cytosolic enzymes know as the low molecular
weight tyrosine phosphatases (LMW-PTPs, ~18kDa). Because of their optimum activity below
pH 6, they were originally termed low molecular weight acid phosphatases 52,53. However, given
their specificity towards phosphotyrosine substrates, they were later renamed LMW-PTPs 42,47,54.
Representatives of LMW-PTPs are found in a verity of organisms and participate in diverse
physiological functions. Their mechanism of dephosphorylation has been shown to regulate
important cellular processes, eukaryotic LMW-PTPs are major downstream regulators of several
tyrosine kinase receptors such as the insulin and platelet-derived growth factor receptors

55–59

.

Since they are involved in a variety of signaling pathways a reduction or loss of activity of
LMW-PTPs leads to various pathologic manifestations, such as allergy and asthma
autoimmune diseases

61

, and neurodegenerative disorders like the Alzheimer’s disease

62

60

,

. The

first group of LMW-PTPs identified in bacteria were PtpA from Streptomyces coelicolor 63, Ptp
from Acinetobacter johnsonii

64

, and Wzb from E. coli 27. They share an overall structural fold

with their eukaryotic counterparts, with the conserved structure of the P-loop V/HC(X)5RS/T
motif at the catalytic site, but very low sequence homology. As with their eukaryotic counter
part, bacterial LMW-PTP play a pivotal role in regulating cellular physiology, making their
characterization essential 65,66 (see sections 1.3 and 1.4, bellow).

Imane Djemil - May 2020

6

Chapter 1: Introduction

1.1.4 Catalytic mechanism of cysteine-based Protein tyrosine phosphatases (PTP)
The cysteine-based PTP family catalyzes the dephosphorylation of substrate through a
covalent enzyme intermediate that forms a thio-phosphate linkage with the active site cysteine
residue. Despite low sequence homology, the PTP family shares the same key catalytic residues
in the active site: a cysteine and an arginine contained within the phosphate binding motif
V/HC(X)5RS/T loop (P-loop) 67. An aspartate located on a loop next to the active site is referred
to as the WPD/or PDY-loop because of the three highly conserved residues proceeding/or
sandwiching the aspartic acid residue in the different PTP classes, for simplicity this loop is
referred to from hereon as the so-called D-loop.
Biochemical and structural studies on eukaryotic cysteine-based PTPs have demonstrated that
a general catalytic mechanism governs substrate dephosphorylation in the PTP family, which
occurs through a two-step process facilitates by the conserved structural feature of the P-loop
V/HC(X)5RS/T motif 47,68–70 (Figure 1-2). In the absence of a substrate, the catalytic cysteine is
stabilized by hydrogen bond between the sulfur atom and the hydroxyl group of a conserved
Ser/or Thr residues on the so-called P-loop

53,71

. Upon substrate binding an arginine residue

located on the P-loop stabilize and position the phosphate moiety. The catalytic cysteine then
acts as a nucleophile by attacking the phosphate group of the substrate, forming a covalent
phospho-enzyme intermediate (Figure 1-2A). The cleavage of the phosphotyrosine substrate; is
assisted by the protonation of the leaving group (the protein substrate) provided by the aspartic
acid residue of the so-called D-loop72 (Figure 1-2B). For this reaction to occur the so-called Dloop assumes a closed conformation by moving towards the P-loop to officiate cleavage 73–75. In
the last step, the aspartic acid serves as a general acid by accepting a proton from the water
molecule initiating the hydrolysis of the phospho-enzyme intermediate and regenerating a
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phosphate free enzyme (Figure 1-2C).

Figure 1-2: Catalytic mechanism of cysteine-based phosphatases.
(A) In the unbound state, the catalytic cysteine is stabilized by hydrogen bonds with a conserved
Thr-/Ser-side chain in the P-loop. Upon substrate binding, the arginine of the P-loop, positions
phosphate group of the substrate for a nucleophilic attack by the catalytic cysteine. An aspartate
facilitates the formation of a phospho-enzyme intermediate by donating a proton to the leaving
substrate, and the cleaved (phosphate free) substrate dissociates from the catalytic pocket. (B)
The aspartic acid then mediates the hydrolysis of the phospho-enzyme intermediate by serving as
general base and accepting a proton from the water molecule. (C) The phosphate group
dissociates from the catalytic cysteine, regenerating a substrate free catalytic site. Figure adopted
from Hobiger et al. 76 (with some modifications).
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1.2 Bacterial tyrosine (BY) kinases

Bacteria tyrosine kinases are present in both gram-negative and gram-positive bacteria.
Several genes encoding BY-kinases phosphorylate endogenous proteins thus regulating diverse
biological processes including the stress response, DNA replication, antibiotic resistance 30, and
the biosynthesis of secreted capsular polysaccharides30. Several studies have shown that the BYkinase Etk from E.coli, phosphorylates the endogenous substrates RNA polymerase sigma factor
RpoH and anti-sigma factor RseA to regulate the heat shock response77. In Bacillus subtilis,
Staphylococcus aureus and E.coli, BY-kinases YwqD (or PtkA), CapB, and Wzc, respectively
have been shown to phosphorylate UDP-glucose (Urine diphosphate-glucose) dehydrogenase
enzyme (Ugd). The phosphorylation of Ugd results in significant increase of its dehydrogenase
activity, converting UDP-glucose to UDP-glucuronic acid to regulate the production of
polysaccharides78–81. In Bacillus subtilis, YwqD or (later renamed PtkA) also plays role in DNA
replication by phosphorylating single-stranded DNA-binding proteins, and increasing their
affinity82. The role of BY-kinases is mainly linked to synthesis and export of capsular- and
extracellular polysaccharides (CPS and EPS), an important virulence determinant, which have
necessitated their study83,84. BY-kinases auto-phosphorylate several tyrosine residues located on
a tyrosine rich C-terminal end, and are consequently dephosphorylated by bacterial tyrosine
phosphatases to regulate CPS and EPS synthesis and transport. In E.coli, the dephosphorylation
of the BY-kinases Wzc and Etk is facilitated by their conjugate phosphatases the LMW-PTPs
Wzb and Etp, respectively 77.
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1.2.1 Intrinsic structural features of bacterial tyrosine kinases (BY-kinases)

BY-kinases are membrane proteins with a sensory periplasmic domain (PD)/ or referred to as
trans-membrane activator domain (TAD), two trans-membrane helices (TM) and a cytoplasmic
catalytic domain (CD) at the C-terminus 84. The catalytic domain in Gram-positive bacteria is a
separate protein from the membrane domain and its association with the membrane domain is
required for full activity

85

(Figure 1-3A). In Gram-negative bacteria, the two domains are

expressed together as one protein (Figure 1-3A and B). The catalytic domain possess an ATPase
like catalytic motifs, contained within Walker A [G/A]X(4)GK[S/T],

Walker B

[ILVFM](3)DX(2)P, and a distal additional Walker A’ [ILVFM](3)DXDXR motifs, which binds
Mg2+ and ATP and are critical for kinase activity

86,87

major deviation from eukaryotic tyrosine kinases

88

(Figure 1-3). These motifs constitute a

. In addition to these motifs, BY-kinases

contain a flexible loop rich in basic amino acids (RK-cluster) located at the N-terminus region of
the kinase domain, seems to be essential for nucleotide binding, where deletion of the loop in
vivo causes a decrease in kinase activity

89

. The C-terminus contains a tyrosine rich cluster (Y-

cluster) where its auto-phosphorylation occurs at the expense of ATP; its phosphorylation is
essential to the polysaccharide biosynthesis and export pathway 90,91.
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Figure 1-3: BY-kinases characteristic features and domain structure.
BY-kinases contain a two transmembrane helices (orange) (TM1) located at the N-termini
connects to the periplasmic region (Gram-negatives) or extracellular (Gram-positives). In
Gram–negative the second transmembrane (TM2) is linked to the catalytic cytoplasmic domain.
In Gram-positive the two domains are separate and interact through specific protein–protein
interaction. At the cytoplasmic region, the catalytic domain (CD) contains the catalytic motifs
Walker A, B and A′ (red), and a C-terminus tyrosine-rich cluster (Y-cluster) (green), harboring
the phosphorylation sites. (B) The topology of Gram-negative BY-kinases.
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Figure 1-4: Sequence alignment of BY-kinases.
Alignment the catalytic domains of BY-kinases in Gram-negative and Gram-positive bacteria
with respect to Wzc (E. coli-K12). The catalytic site walker motifs, oligomerization site, and the
C-terminal tyrosine rich cluster are labeled. Figure generated using the ESPript server 92.
Imane Djemil - May 2020
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Structurally, significant similarities have been observed in the high-resolution crystal
structures of BY-kinases, CapB

84

, from the gram-positive S. Aureus, Etk

87

, and Wzc 88 from

E.coli-K-12. Their overall structural fold and the arrangement of the walker motifs overlap with
those found in the ATPase family such as the cell division ATPase MinD 93,94, with the catalytic
site walker motifs located at the center of a semi-circular β-core

87,93,94

. These features are

structurally different from the eukaryotic PTK; that have their catalytic loops (Hank’s motifs)
situated between an N-terminal β-sheet domain and a C-terminal α-helical domain

13

(Figure

1-5A-D). Given the involvement of BY-kinases in the production and export of polysaccharides,
they are considered as part of the polysaccharides co-polymerase (PCP) family 83,95,96.
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Figure 1-5: Overall structural fold of BY-kinases.
(A) BY-kinase vs. eukaryotic tyrosine kinases (left) BY-kinase Wzc (PDB code: 3LA6),
important structural and functional features are colored as follows: walker A (red), walker B
(orange), walker A’ (purple). The Y-cluster is in green, and the Ex2Rx2R motif in yellow. On the
right the human insulin receptor tyrosine kinase a classical Hank’s type kinase (PDB code:
1IRK), with critical catalytic motifs colored and labeled. (B) Similar overall structural fold of
BY-kinases CapB (left) (PDB code: 3BFV) with MinD ATPase (right) (PDB code: 1G3R).
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Earlier studies on the BY-kinase, Wzc, demonstrated that the phosphorylation state of the Ycluster defines the oligomerization state of the BY-kinase. A conserved lysine on the walker A
motif play an important role in the auto-kinase activity and consequently the oligomerization
state, such that mutants deficient in their ability to auto-phosphorylate were organized into a
higher molecular mass species, suggesting the oligomeric state is independent of
phosphorylation 97. First insights into the structural arrangement and the oligomerization state
of BY-kinases was provided by the 3-D electron microscope structure of the full length
phosphorylated Wzc from E.coli-K30, revealing that Wzc forms a tetrameric ring-shaped
oligomer within the periplasmic region, whereas the cytosolic domains did not interact

98

.

Although these studies demonstrated the involvement of the membrane domain in the
oligomerization, they did not provide a mechanism by which the auto-kinase activity is
achieved99. Insights into this mechanism were provided from crystal structures of both Grampositive, CapB (K55M), and Gram-negative, Wzc (K540M), BY-kinases

89,100,101

. In both

structures of the catalytic domain the catalytic lysine on Walker A motif was replaced by
methionine to generate a catalytically inactive kinases, a ring-shaped octameric structure was
observed

89,100

. Conversely, in the fully phosphorylated active kinase domains (CD) of Etk and

CapB structures a monomeric kinase domain was obtained, and the Y-cluster segment was
disordered

100,101

. These octameric states of CapB and Wzc are proposed to represent an

intermolecular auto-phosphorylation process through the association of two BY-kinase
molecules, one molecule serving as the enzyme and the other as the substrate. The Y-cluster of
one subunit enters the catalytic cavity of an adjacent subunit to be phosphorylated; consequently
the highly phosphorylated Y-cluster induces the dissociation of the oligomer. The oligomer
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association is facilitated by a conserved motif (EX2RX2R) on both CapB (K55M) and WzcCD
(K540M) (Figure 1-5A and B, left). In WzcCD, the α2-helix harbors the conserved EX2RX2R
motif, the interaction with the second Wzc monomer occurs via salt bridge interaction between
E508, R511 and R514 and neighbouring residues R566 and E618, respectively (Figure 1-6).
Alanine mutations to this motif generated only the monomeric state of Wzc and significantly
decreased the auto-kinase activity, and colanic acid production

89

. On these bases, the current

proposed model is BY-kinases need to cycle between phosphorylated (monomer) and nonphosphorylated states (oligomer) for the production, assembly and transport of CPS/EPS to
occur

89,91,100

. It was also suggested that when the Y-cluster is phosphorylated, the auto-kinase

activity of Wzc is halted, thereby exposing the catalytic site of Wzc to phosphorylate down
stream substrate targets. In turn the phosphorylated Y-cluster can be dephosphorylated by its
cognate phosphatase, Wzb, to regenerate the oligomeric state of Wzc 66,89.
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Figure 1-6 Wzc (BY-kinase) oligomerization interface (PDBID: 3LA6) 89.
The crystal structure of Wzc showing the interactions of only two subunits of octamer, the inset
shows the catalytic site and the oligomerization interface. The catalytic site walker motifs are
walker A’ (orange), walker B (purple), walker A (red) harbouring the catalytic K540 mutated
M540 for stability, the Y-cluster (green) with Y715 inserted into the catalytic cavity. The α2helix (Yellow), containing the Ex2Rx2R oligomerization motif, E508 interacts with R566 on
walker A’ (orange), and R514 with E618 on α7/8 helix (blue).
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1.3 Bacterial Low Molecular Weight protein Tyrosine Phosphatases (LMW-PTP)

The most prominent feature associated with bacterial LMW-PTPs is their involvement in two
major processes: the regulation of polysaccharides synthesis and export and their interference
with host’s cell signaling pathways once secreted. Bacterial LMW-PTPs are present in both
Gram-negative and Gram-positive bacteria. The variation in gene organizations between the two
species dictates their role in regulation. In gram-negative bacteria, genes encoding LMW-PTPs
are found upstream of the BY-kinases in the same operon (cps) that consists of genes related to
the biosynthesis of capsular polysaccharides (CPS) and exopolysaccharides (EPS), indicating a
coordination in their gene expression and regulation of protein production 3,64.
Bacterial LMW-PTP catalyzes the dephosphorylation of BY-kinases, their endogenous
substrate, thereby participate in the regulation of capsular polysaccharides (CPS) and
exopolysaccharides (EPS) biosynthesis and export

102,103

. For example, the LMW-PTPs: Wzb

from E.coli, Yor5 from K.pneumonia, Ptp from A.johnsonii and AmsI from E. amylovora;
regulate the synthesis of EPS/CPS by dephosphorylating their cognate BY-kinases Wzc, Yco6,
Ptk and AmsA, respectively

3,30,85,89,103

. Other Gram-negative LMW-PTPs, such as Etp from

E.coli are also involved in regulating heat shock resistance through the dephosphorylation RpoH
and RseA the sigma factor and anti-sigma factor respectively, this function seems to be lacking
in E.coli Wzb77.
In Gram-positive bacteria, the genes that encode LMW-PTPs are located at a remote site in the
genome with respect to the BY-kinase genes. Several of these LMW-PTPs play a role in stress
response

104

, and photosynthesis regulation

105

. Gram-positive bacteria utilize another class of

bacterial PTPs family for the synthesis and regulation of CPS and EPS; know as the polymerasehistidinol phosphatase (PHP) family. Their gene is located on the same cps operon as BYImane Djemil - May 2020
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kinases, and work as a pair with their cognate BY-kinases (e.g. CpsB from Streptococcus
pneumoniae, YwqE from Bacillus subtilis)

85,106

.This family shares no structural homology with

LMW-PTPs and lacks the signatures catalytic P-loop motif; instead they are metal (Mn+2)
dependent protein tyrosine phosphatases. Their structure indicates that an arginine residue within
the catalytic site and a metal ion are required for catalysis and their optimum activity is at basic
pH 107.

1.3.1 Structural and functional features of Bacterial LMW-PTP

Several solved structures of bacterial LMW-PTPs from the Gram-negative bacteria such as:
Mycobacterium tuberculosis- MptpA

75,108

, Erwinia amylovora- AmsI

109

, E.Coli-K12 Wzb71,

and the Gram-positive bacteria: Bacillus subtilis-YwIE (also catalyzes phospho-Arginine) 110,111,
and Staphylococcus aureus-PtpA

112

; revealed a common overall α/β fold typical of eukaryotic

LMW-PTPs. Consisting of a central four parallel β–strands surrounded by three α-helices (α1,
α2, α5) on the bottom, and two α-helices (α3, α4) on the top. The structure is connected by
several loops; β1-α1 (containing the conserved P-loop), β2-α2 (encompassing the so-called Wloop), α2-α3, and β4-α5 (containing the so-called D-loop) 71 (Figure 1-7).
As mentioned earlier in section1.1.3, and shown in Figure 1-7 bacterial LMW-PTPs share key
catalytic residues with their eukaryotic counter part, the conserved structural feature of the active
site phosphate binding loop (P-loop) with the signature motif C(X)5R(S/T) responsible for
binding the phosphate moiety of the phosphotyrosine substrate. The P-loop contains two critical
residues for catalysis: the invariant cysteine that functions as the catalytic nucleophile and an
arginine critical for binding the phosphate group of the phosphotyrosine substrate, and stabilizing
the transition state.
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The P-loop is flanked by two loops that shape the catalytic cavity: the so-called D-loop (left
side of the active site), containing the highly conserved aspartic acid residue crucial for cleavage
the phosphotyrosine substrate and hydrolysis the hydrolysis of the phospho-enzyme intermediate
(general acid/base)

75,108

. And the so-called W-loop (the right side of the active site), in

eukaryotic LMW-PTPs it commonly possesses an aromatic residue, important for positioning the
phosphotyrosine substrate, and substrate specificity 42. However, in a study by Lescop et al. 71, it
was revealed that the NMR structure of Wzb of E.coli-K12 lacks the aromatic residue on the socalled W-loop that is conserved in eukaryotic LMW-PTP. For instance, in Figure 1-7A (left) the
structure of the eukaryotic LMW-PTP, HCPTP-A (human), in complex with MES shows the
substrate is sandwiched between two aromatic residues (Y49/Y131) (in a π-π ring stacking
interactions) located on the W-loop and D-loop, respectively

42,113,114

. In contrast, the

equivalence of these residues in the bacterial LMW-PTP Wzb are (L40/Y117), with L40
replacing the aromatic residue at the W-loop and this loop is shorter by one residue (Figure
1-7B). In fact it was observed that several bacterial LMW-PTPs lacked the aromatic residue on
the W-loop while others possessed the aromatic residue. These variations suggested that the
mechanism that governs substrate recognition is different between the two species 71. The lack
of the aromatic residue on the W-loop was suggested to account for the lower affinity of Wzb
towards p-nitrophenyl phosphate substrate (Km of 1 mM) compared to those of eukaryotic BPTP
(0.38 mM) and LTP1 (0.0017 mM) 27,71.
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Figure 1-7 Overall Structural fold of LMW-PTPs
Comparing the catalytic cavity of eukaryotic LMW-PTP and prokaryotic LMW-PTPs. The
catalytic loops are indicated by different colours and labeled. Key catalytic residues are shown in
stick representation and indicated as follows: the catalytic P-loop (orange), the catalytic cysteine
in stick representation. The D-Loop (green) the aspartic acid (general acid/base) and the tyrosine
crucial for aromatic base stacking are in stick representation, and the W-loop residues: Y49
(HCPTPA), F49 (MptpA), and L40 (Wzb) are shown magenta. (A) The structure of HCPTPA
(Human) (left) bound to MES (PDB code: 5PNT), shows the aromatic ring of the substrate
sandwiched between W49 (magenta circle) and Y131 (green circle). The eukaryotic-like MptpA,
M.tuberculosis (PDB code: 1U2P) (right), contain aromatic residues and the second tyrosine on
the D-loop. (B) Wzb E.coli (PDB code: 2FEK) contains one aromatic residues Y117 (green) and
a hydrophobic amino acid L40 on the W-loop.
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According to the mentioned above differences Lescope et al.

71

, classified bacterial LMW-

PTPs into two subclasses (Figure 1-8):
(1) Class I of bacterial LMW-PTPs are eukaryotic like-LMW-PTPs, exemplified by
M.tuberculosis MptpA that contains the aromatic residues on the W-loop and D-loop
(W48/Y128), respectively (Figure 1-7A, right). They also possess a secondary tyrosine located
on the D-loop. The phosphorylation state of the two tyrosines is correlated with an increase in
the activity of both eukaryotes and prokaryotes 50,115–117. The similarities between the two species
is speculated to be a contributing factor to the efficiency of prokaryotic LMW-PTP in targeting
components of the eukaryotic host signaling pathways 71,75.
(2) Class II of bacterial LMW-PTPs are Wzb-like (L40/Y117), possess a hydrophobic residue
instead of the aromatic residue of the W-loop, and a tyrosine residue on the D-loop, which
include E.coli Etk/Etp, Streptococcus pneumoniae Yco6/Yor5 (Figure 1-8A). Unlike Class I,
where the D-loop contains a second tyrosine essential for activity, Class II does not possess the
second tyrosine, suggesting a different mechanism of regulation and specificity (Figure 1-7B)
71,118

. Using NMR based titration approach and mutation analysis on Wzb in the presence of a

non-cleavable phospho-tyrosine-peptide (PepPHOS), Temel et al.

119

further confirmed that

indeed Y117 and L40 possesses a selectivity toward phosphotyrosine substrate, where Y117
likely role in substrate stabilization via ring stacking interaction. On the other hand, substrate
recognition by L40 occurs via hydrophobic interactions. Alanine mutations reduced the
dephosphorylation rate of Wzb in the Y117A mutant, whereas the L40A had minimal effects on
the catalytic activity of Wzb compared to the wild type, concluding that L40 have a secondary
role in recognition.
In addition to the mentioned above variation, in eukaryotic LMW-PTP the charge
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distribution surrounding the catalytic cavity play a crucial role in defining substrate selectivity
and kinetic properties of LMW-PTPs. Residues on the so called W-loop, for example, at
positions 50 and 53 are either positive (BPTP) or negative (HCPTPA), swap mutations to these
residues generated enzymes with different kinetic properties and substrate selectivity

113,114,120

.

Conversely, in prokaryotic LMW-PTP residues that are superimposable with these charged
residues (50 and 53) are mainly hydrophobic, further implicating that prokaryotic LMW-PTP
employed a different mechanism of recognition and possibly kinase substrate docking
interactions 71.
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Figure 1-8: Sequence alignment of LMW-PTPs homologs and structural comparison of
eukaryotic and prokaryotic LMW-PTP of Class I and Class II
Sequence alignment of LMW-PTPs homologs. The brackets represent: (A) Class II of bacterial
LMW-PTP, (B) Class I of bacterial LMW-PTP (eukaryotic-like), and (C) eukaryotic LMW-PTP.
The catalytic loops are underlined with similar coloring as the catalytic loops in Figure 1-7.
Figure generated using the ESPript server 92.
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1.4 The functional role of bacterial tyrosine (BY) kinases and phosphatases (LMW-PTP) in
E.Coli

BY-kinases and their associated LMW-PTP mainly function as regulators of the biosynthesis
and transport of surface capsular polysaccharides (CPS) and extracellular polysaccharides (EPS),
through the intramolecular autophosphorylation of BY-kinases and their subsequent
dephosphorylation by LMW-PTPs

27,95,121,122

. In most cases, the dephosphorylation of BY-

kinases increases the level of polysaccharide synthesis. A review by Cozzone et al. 3, describes
in detail the physiological roles of BY-kinases and their conjugate phosphatases.

1.4.1 Surface polysaccharides in E.coli
The cell surface of Gram-negative bacteria E.coli is coated with polysaccharides that vary in
structural composition and length depending on their function within a particular strain. Surface
polysaccharides form a protective barrier that is attached to the cell to stabilize the membrane
structure 123. Besides protection against chemical attack and/or desiccation, polysaccharides play
an important role in bacteria-host interactions (colonization) by adhering to the host cells and
masking protein antigens and receptors from phagocytic cells (mucosa) during the pre-immune
phase of infection. This mechanism ensures the survival of E.coli within the host and infection in
pathogenic strains 112,124–126.
Polysaccharides are categorized into three major groups based on their structural components
and serotype-specificity. Lipopolysaccharide (LPS) or O-antigen consists of three parts: lipid A
(anchor), an oligosaccharide (core) and a polysaccharide called the O-antigen
surface exposed and part of the outer membrane

128

127

. They are

. Capsular polysaccharide (CPS) or K-

antigen, exists as high-molecular weight polysaccharides that are firmly attached to cell 129. The

Imane Djemil - May 2020

25

Structural and Dynamic Features of a Transiently Assembled Complex between a Bacterial Tyrosine Kinase and its
Cognate Phosphatase

exopolysaccharide (EPS) or (M antigen), colanic acid, are loosely associated with the cell
surface and secreted to the extracellular environment to facilitate biofilm and capsule formation,
under stress conditions 130–132. Capsular polysaccharides fall into four groups based on their gene
organization, regulatory features and the assembly system used

130

. They employ two different

polymerization pathways depending on the associated structure. The ATP-biding cassettetransporter-dependent pathway mediates the assembly of groups 2 and 3 CPS, whereas the Wzydependent pathway is specific for group 1 and 4 CPS and related EPS. The exopolysaccharide
colonic acid is considered as part of group 1 capsules 130.
BY-kinases / LMW-PTPs pair are part of the protein machinery involved in the Wzydependent polymerization pathway. In E.coli-K30, the pair Wzc/Wzb are involved in the
assembly of group 1 CPS; a crucial component for its pathogenicity

96

. While another pair of

BY-kinase and LMW-PTP in E.coli, Etk/Etp, secrets and assembles Group 4 CPS, a virulence
factor in entero-pathogenic E.coli (e.g. enterotoxigenic E.coli (ETEC), enterohaemorragic E.coli
(EHEC), enteroaggregative E.coli (EAEC) and enteroinvasive E.coli (EIEC)

133,134

. Although

Etk and Etp genes have been detected in nonpathogenic E.coli strains, they are not expressed at
the protein level 3. In E.coli-K12, the homologous pair Wzc/Wzb are involved in the assembly of
group 1 EPS, colanic acid, whose production is dependent on specific growth conditions (e.g.
temperatures below 30 °C)

27,95

. The production of colonic acid results in a thick mucoid

physical barrier at the cell surface that allows E.coli to resist osmotic shock, oxidative stress,
acidic conditions, and desiccation

135

. Other examples BY-kinases / LMW-PTPs pair in Gram-

negative involved in CPS and EPS production are listed in Table 1-1. Inhibiting the regulatory
function of BY-kinases / LMW-PTP can hamper capsule biosynthesis and export, since together
they can alter the thickness of CPS at different stages of infection, they are considered valuable
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targets for drug development 136,137

Table

1-1:

Bacterial

LMWPTPs

involved

in

capsular

polysaccharide

(CPS)/exopolysaccharide (EPS) biosynthesis
Bacteria
E.coli K-12

LMWPTP
Wzb

BY-kinase
Wzc

E.coli K-30

Wzb

Wzc

Acinetobacter
iwoffii
Enteropathogenic
E.coli

Wzb

Wzc

Etp

Etk

Acinetobacter
johnsonii
Erwinia
amylovora
Klebsiella
pneumoniae

Ptp

Ptk

AsmI

AsmH

Yor5/ Wzb

Yco6/Wzc

Function
Colanic acid
production
Group 1 CPS
assembly
Emulsan/EPS
production
Secretion and
assembly of group
4 CPS
Colanic acid/ EPS
production
Amylovoran/ EPS
production
CPS production
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1.4.2 The regulation of exopolysaccharide biosynthesis in E.coli-K12 by Wzc (BY-Kinase)
and Wzb (LMW-PTP)

In the present study, we used the pair Wzc (BY-Kinase)/Wzb (LMW-PTP) from the
nonpathogenic strain of E.coli-K12 as model system for BY-kinases /LMW-PTPs interactions.
This choice was guided by the fact that E.coli-K12 is (1) representative of both Gram-negative
and Gram-positive bacteria (active catalytic domains), (2) has been extensively studied due to its
relatively simple manipulation at the molecular and genetic level, and (3) the in-vivo
physiological responses to these manipulations are easily testable 119,141.
In E. coli-K12, the genes of wzc and wzb are located on the same operon within the colanic
acid (ca) gene cluster cps, encoding genes responsible for the synthesis and export of colanic
acid

130,142

. Colanic acid consists of repeating hexasaccharide subunits with a commonality of

fructose and glucuronic acid, glucose, and galactose (Figure 1-9E) 91,95. The synthesis of colanic
acid occurs via the Wzy-dependent pathway 128. In the proposed model, an arsenal of membrane
and cytoplasmic proteins regulate EPS biosynthesis, polymerization and translocation 143,144. As
illustrated in Figure 1-9, the biosynthesis of the sugar repeat units is initiated within the
cytoplasmic region, facilitated by glycosyl-transferases WbaP145. A precursor molecule is first
activated by the transfer of one sugar phosphate molecule to WbaP resulting in a poly-isoprenoid
lipid derivative (undecaprenol-phosphate (und-P))128,130. Sugar units are then added in a
concerted fashion to the und-P to assemble und-PP-linked-sugars of sugar repeat unit (Figure
1-9 A). The repeat unit is then transferred from the cytoplasm to the periplasmic space by the
integral membrane protein Wzx flippase (Figure 1-9 B). A second integral membrane protein,
Wzy polymerase, participates in the polymerization and elongation of the oligosaccharide repeat
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units at the periplasmic space (Figure 1-9 C)

128,130

. The continued polymerization of the

oligosaccharides repeat units requires the phosphorylation and dephosphorylation of the Ycluster of Wzc, assisted by the LMW-PTP Wzb

66

. During the cycling process between the

phopsphorylated (monomeric Wzc)/ dephosphorylated (oligomwric Wzc) states Wzc is proposed
to act either as a copolymerase and aid Wzy in the elongation and transport of the oligosacchride
repeat unit, or assists in the translocation of the polysacchrides polymers to the octameric ringshaped Wza (translocon) channel which spans the preiplasm and the outermembrane space, for
export

89,100,137,146

(Figure 1-9 D). Structural insights into the Wzc and Wza complex by

electron microsopy (EM), illustrate that the periplasmic domains of Wzc oligamer and Wza
octamer interact. This interaction is thought to trigger the opening of the central cavity at the
preiplasmic region of Wza and efficiently export the polysacchirdes from the innermembrane
across the periplasm and outer membrane

87,147

. Once in the outermmebrane the polysacchrides

are attach to the cell surface by Wzi a monomeric β-barrel outer membrane protein, unique to
group 1 capsules, and essential for the structural integrity of capsule but not polymerization or
export 130,145,148.
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Figure 1-9: Molecular machinery of Group 1 polysaccharide export pathway.
(A) Group 1 polysaccharides assembly and export is initiated with sugar monomers in the
cytoplasm assembled by WbaP (inner membrane). (B) Wzx, flippase, flips the monomers across
the inner membrane. (C) Wzy polymerizes the sugar monomers. (D) The polysaccharide chain is
exported by the regulated synergic interaction of Wzc and Wzb at the cytoplasm
(autophosphorylation of the C-terminal tyrosines in the Y-cluster of Wzc (oligomer) and the
dephosphorylation of these tyrosine residues (monomer) by Wzb phosphatase). The
polysaccharides polymers are then exported to the cell surface via the Wza channel, and
modified by Wzi. (E) The repeating units shown represent the EPS, colanic acid composition.
Figure adopted form Whitfield et al.149.
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While it has been demonstrated that the pair Wzb and Wzc are essential for coordinating the
biosynthesis and export of EPS, in a Wzc knock-out strain the absence of high-molecular weight
polymers was observed and weakened the resistance to stress tests

141

. When Wzb was

overexpressed a large increase in the production of group 1 EPS, colanic acid was observed
91,96,141

. Studies have also demonstrated that Wzc and Wzb are conclusively phosphotyrosine

specific enzymes

27,119,122

. Wzc trans-autophosphorylates at five out of the six tyrosine residues

of the C-terminal tyrosine rich tail (Y-cluster) (Tyr708, Tyr710, Tyr711, Tyr713 and Tyr715),
their subsequent dephosphorylation by Wzb is central in for colanic acid biosynthesis pathway 95.
The overall phosphorylation level of the Y-cluster rather then any specific tyrosine residue
affects the integrity of the EPS accumulated at the cell surface. Such that, truncation of the Ycluster reduced EPS production by 20%, with more homogenous molecular weight 91. When two
out of the five tyrosines residues of the Y-cluster were mutated to alanine, E.coli-K12 cells did
not produce high-molecular weight EPS. However, single deletion of any tyrosine residue did
not affect the production nor the length of EPS 141. Because of the diverse relationship between
the phosphorylation states of the Y-cluster and EPS production it has been agreed on that BYkinases needs to cycle between the phosphorylated and non-phosphorylated states for EPS/or
CPS production 96,141,149,150.

1.4.3 Critical interaction sites between the pair WzcCD (BY-kinase) and Wzb (LMW-PTP)
from E.coli K-12

As evident form the studies discussed above, the degree of EPS polymerization and
exportation is regulated by the combined action of Wzc and Wzb. The cycling between the
phosphorylated and dephosphorylated states of the Y-cluster of Wzc is important in coupling the
activity of the multi-enzyme complex. At the molecular level the exact mechanism of how the
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auto-phosphorylation by Wzc and dephosphorylation of the Y-cluster by Wzb is transmitted to
the periplasm to control this process is still not well understood and is still debatable, however, it
is agreed on that both the phosphorylated and dephosphorylated states of the Y-cluster of Wzc
are required 66,96.
Studies focusing on the mutual interaction between the pair by Temel et al.119 using
biophysical and NMR based methods provided insight into the molecular mechanism of
interaction between Wzc catalytic domain (WzcCD) and Wzb. These studies revealed that
although the Y-cluster (Tyrosine rich Cluster) is the ultimate substrate of Wzb, Wzb docks onto
WzcCD independently of it. In the absence of the Y-cluster, WzcCD C, docks onto Wzb with
Δ

almost the same affinity as in its presence WzcCD (with the Y-cluster), with a KD in the range of
~2-5 µM as measured by SPR, or (KD of ~10.7 ± 1.3 µM) as measured by ITC in this study
(Figure 1-10B), indicating that the Y-cluster is not required for WzcCD to interact with Wzb.
Furthermore, using NMR based titration experiments by observing spectral changes in WzcCD C
Δ

(the NMR-active) in the presence of Wzb (NMR-inactive), the docking site of Wzb onto WzcCD
/or WzcCD C was shown to involve the α2-helix of WzcCD harboring EX2RX2R oligomerization
Δ

motif (discussed in details in section 1.2.1, Figure 1-6). The resonances intensity of residues
contained within the α2-helix including several of the EX2RX2R motif on WzcCD were
broadened beyond detection at low concentrations of Wzb, labeled in Figure 1-10. At
equimolar concentration the number of perturbed residues increased with the majority being
localized to the same face of the α2-helix forming a patch, signifying the role of this site in
Wzb/Wzc interactions. On the other hand, minimal perturbations were observed on the catalytic
site of WzcCD C in the presence of Wzb, which suggested that Wzb docking on the opposite face
Δ

catalytic site

(Figure 1-10). Alanine mutations to the motif EX2RX2R attenuated Wzb
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dephosphorylation rates by ~3.5-fold. Given that Wzb docking seems to require the same
oligomerization motif on WzcCD essential for its intra-molecular autophosphorylation activity, it
was suggested that the interaction with Wzb could serve as a regulatory mechanism to prevent
WzcCD monomer re-association

(inhibiting the auto-kinase activity), thereby allowing the

WzcCD to phosphorylate down stream substrates such as ugd 151.
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Figure 1-10 Key sites on the surface of WzcCD C perturbed in Wzb presence observed by
NMR titrations119.
Δ

(A) NMR Spectral perturbations in the presence of equimolar amounts of Wzb mapped onto
Wzc surface provided from Temel et. al.119. Residues that were broadened below noise level at
the lowest concentrations of Wzb (1:0.25) are labeled. Residues that are broadened to below the
noise level are colored orange. Residues whose chemical shift changes were greater than the
mean + 2 standard deviation are colored green. (B) The binding affinity for Wzb measured by
ITC used for the results in chapter 2.
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In the case of Wzb, however, during the course of the NMR titrations, by monitoring the
changes in the Wzb spectra in the presence of WzcCD/or WzcCD C, significant overall attenuation
Δ

in resonance intensity was observed. Several of these residues are proximal to the catalytic site of
Wzb, with the majority being distal form it (Figure 1-11). In the presence of WzcCD C construct,
Δ

lacking the Y-cluster, perturbations were also observed on residues of the catalytic P-loop (C9,
R15, S16) (Figure 1-11B), implicating an allosteric mechanism where a conformational
rearrangement at the catalytic site, originated by the binding of WzcCD C to a region proximal
Δ

from the catalytic site of Wzb. According these observations, the Wzb catalytic
dephosphorylation of Y-cluster of Wzc is suggested to occur through a proximity-mediated
process where the local concentrations of the Y-cluster near the catalytic site of Wzb is enhanced
by the docking of WzcCD to a site proximal to the catalytic site.
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Figure 1-11: sites on Wzb that were perturbed in WzcCD C presence observed by NMR
titrations 119.
Δ

(A) Perturbations seen on Wzb surface in the presence of WzcCD C. Residues that display
chemical shift changes greater than the mean +2 standard deviation in the presence of WzcCDΔC
are colored green; residues that are broadened to below the noise level are colored orange. (B)
Spectral perturbations mapped onto the ribbon structure of Wzb.
Δ
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Taken together, it is clear that the regulation of the polysaccharide (EPS/CPS) biosynthesis
and translocation relays on the efficient and cooperative interaction between BY-kinase (Wzc)
and LMW-PTP (Wzb) part of the polysaccharide machinery

130

. Alternation between the

monomeric and oligomeric states of Wzc induced by the trans-autophosphorylation of the Ycluster of Wzc, and subsequent dephosphorylation by Wzb, respectively, is key to the protective
feature and cell viability offered by the exopolysaccharide (EPS) colanic acid 30,141.
Although significant progress have been made on determining key structural and catalytic
features of BY-kinases (Wzc) and LMW-PTP (Wzb), the mechanistic information that governs
complex formation and dynamics, is still lacking. While the Wzb docking site on Wzc was
precisely determined, the corresponding binding interface of Wzc on Wzb was more illusive. In
the present study, using NMR based relaxation methods we aimed to decipher the dynamics
associated with the assembly of the WzbWzc complex, and to ultimately derive a structural
model of the WzbWzcCD C complex to precisely determine the Wzc-docking site onto Wzb.
Δ

These studies would provide a platform to further understand similar BY-kinase/LMW-PTP
pairs of pathogenic counterpart and exploit the regulatory steps involved.
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2 DYNAMICS OF WZB IN THE PRESENCE OF THE
CATALYTIC DOMAIN OF WZCCDΔC

2.1.1 Background

NMR spectral perturbations and biochemical studies by Temel et al.

119

, detailed previously

(Chapter 1, Section 1.4.3) helped identify the surface utilized by WzcCD to engage Wzb. In brief,
the interaction between Wzb and WzcCD was shown to be independent of the tyrosine cluster (Ycluster). A motif (Ex2Rx2R), conserved in BY-kinases, and deemed crucial for oligomerization
(and consequently trans-phosphorylation) on WzcCD, was identified as required for its
association with Wzb. Alteration in this motif leads to a reduction in the ability of Wzc to be
dephosphorylated by Wzb 89,119.
While the surface utilized by WzcCD to engage Wzb could be defined with reasonable
precision through the measurement of induced chemical shift changes, and validated through
biochemical studies, the corresponding surface on Wzb and the critical residues therein has so far
evaded precise identification. This is largely the result of the extensive broadening seen in the
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spectra of Wzb in the presence of WzcCD C due to intermediate exchange on the NMR timescale.
Δ

This is somewhat expected given the relatively weak association between the two species as
suggested by the Isothermal Calorimetry (ITC) measurements that yields a KD of 10.7 ± 1.3 µM
(see Figure 1-10A; this compares well with the KD = 5.1 ± 0.2 µM determined previously using
Surface Plasmon Resonance measurements). Interestingly, extensive line broadening was also
seen in the catalytic site of Wzb in spite of the absence of the phosphorylated YC of WzcCD
within the WzcCD C construct. This suggests the effects of the distal docking interactions being
Δ

allosterically communicated to the Wzb catalytic site, perhaps priming the catalytic elements
therein. Based on the NMR titrations it is evident that the source of line-broadening was a
combination of two effects – (1) intermediate timescale exchange resulting from the transient
chemical shift changes due to binding/unbinding events and (2) binding-induced conformational
dynamics at the Wzb catalytic site and perhaps elsewhere. In an effort to parse these two effects
and consequently better define the residues on Wzb that facilitate its interactions with WzcCD, we
relied on the measurement and analysis of 15N relaxation dispersion152–156.
Binding and unbinding events, and binding-induced conformational changes generate spectral
perturbations (fluctuations in chemical shifts) that contribute to the transverse relaxation rates.
These “exchange” contributions to the 15N relaxation may be ascertained by the measurement of
the variation in the transverse relaxation rates induced by the application of a series of π pulses
with variable inter-pulse delays during a constant relaxation delay155,156. In a simple scenario,
where these transient chemical shift perturbations on Wzb simply result from the binding and
unbinding of WzcCD C, we may use a two-state model given by
Δ

Wzb + WzcCDΔc

kon
"
""
→ Wzb / Wzc
←""
"
CDΔc
koff
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In this model, when the system undergoes exchange between free Wzb (State A) and that
bound to WzcCD C (State B; this would be the minor state for weak interactions at nominal
Δ

WzcCD C contribution), the contribution to the transverse relaxation rate depends on an exchange
Δ

rate constant given by kex = koff + kon[WzcCD C], where [WzcCD C] is the concentration of free
Δ

Δ

WzcCD C in solution. Thus, exchange contribution to the transverse relaxation rate would depend
Δ

on the off-rate and on variations in the amount of free WzcCD C under different total WzcCD C
Δ

Δ

concentrations. The latter effect is expected to be small for diffusion-controlled processes at the
concentrations typically utilized in the studies described below. Thus, we may assume a largely
concentration independent kex ~koff. This model neglects any changes in dynamics resulting from
the interaction defined by a rate constant that is within an order of magnitude of koff (within the
detection range of the 15N dispersion measurements). The effects of such processes on transverse
relaxation would then be convoluted with the binding/unbinding processes represented by
Scheme 1 and their analyses would require more complex models not pursued here.
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2.2 Material and Methods
2.2.1 Expression and Purifications of WzcCD C and Wzb
Δ

The recombinant proteins, WzcCD C and Wzb used were cloned into pET15b vector and
Δ

sequences confirmed by DNA sequencing

119

. The plasmids were transformed into E. coli BL21

(DE3) host strain competent cells (Invitrogen). Transformed cells were grown in ampicillin agar
plates at 37°C overnight. For protein expression, freshly transformed colonies were initially
grown in 20 mL of 100% ampicillin containing H2O M9-minimal media overnight. Followed by
a gradual D2O adaptation of the overnight culture by increasing the percentage of D2O: 10%,
30%, 50%, 75%, 90%, and 100% in 20mL M9-media. After reaching 100% of D2O, the cells
were inoculated into a fresh 40mL M9-media (100% D2O) for overnight growth. The overnight
culture was transferred into 1L of M9-media (100% D2O) containing 1g/L of
ammonium chloride and

13

15

N-labeled

C, 2H-labeled glucose (Cambridge Isotope Laboratories, Inc.) as the

only nitrogen source and carbon sources. The cell culture was then incubated at 37°C with
shaking at 225 rpm; when the absorbance (A600) reached 0.7 cells were induced by adding 1mM
isopropyl β-D-1-thiogalactopyranoside (IPTG), for protein production. The incubator
temperature was reduced to 16°C, and cells were grown for 20 hours and harvested by
centrifugation. The cell pellets were resuspended in 40 mL of Lysis buffer containing: 50 mM
Phosphate Buffer pH 8.0, 300 mM NaCl, 10% Glycerol, 10 mM β-mercaptoethanol and 10 mM
Imidazole, and one crushed protease inhibitor tablet (Roche). All purification steps were
performed at 4oC. The cell suspension was lysed by sonication and subsequent centrifugation at
14500 rpm for 30 min to remove cell debris. The soluble lysate was incubated with nickel beads
(Ni-NTA) (Qiagen), pre-equilibrated in Lysis buffer for 1hour at 4oC. The cell lysate was then
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removed, and Ni-NTA was first extensively washed with lysis buffer, and then washed 3x the
column volume with washing buffer (50 mM Phosphate Buffer pH 8.0, 300 mM NaCl, 10%
Glycerol, 10 mM β-mercaptoethanol and 20 mM Imidazole). The proteins were eluted with
20mL of elution buffer (50 mM Phosphate Buffer pH 8.0, 300 mM NaCl, 10% Glycerol, 10 mM
β-mercaptoethanol and 150 mM Imidazole). For WzcCD C, directly after elution 1 mM of ATP
Δ

and 1 mM of MgCl2 were added for each 40 µM of protein and incubated at 4°C overnight. For
Wzb, after elution it was stored at 4°C. The proteins were further purified by size exclusion
chromatography using Superdex 75 10/300 GL (GE Health Care) pre-equilibrated in buffer
containing: 50 mM Phosphate buffer pH 6.0, 50 mM NaCl, 25 mM DTT, 5 mM EDTA, 10 mM
MgCl2 (NMR buffer), unless otherwise specified.

2.2.2 NMR Experiments
All NMR experiments were recorded at 25 °C using Bruker Avance III spectrometers
operating at 600 or 800 MHz, all equipped with cryogenic probes capable of applying pulsedfield gradients along the z-axis. NMR measurements were performed on samples of uniformly
2

H,15N labeled Wzb in the absence or in the presence of uniformly 2H-labeled WzcCD C in subΔ

stoichiometric amounts, as indicated below for the specific experiment. All samples were
prepared in NMR buffer containing 50 mM sodium phosphate, pH 6.2, 50 mM NaCl, 25 mM
DTT, with 10% D2O to enable field locking. All data were processed using the NMRPipe suite
157

and visualized using NMRViewJ 158.
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2.2.3
15

15

N Relaxation Dispersion Measurements

N relaxation dispersion measurements were conducted using relaxation-compensated Carr-

Purcell-Meiboom-Gill (CPMG) sequences

159,160

in their standard implementation. Dispersion

data at 600 MHz were acquired for samples containing 200 µM of Wzb in the absence and the
presence of 10 µM, 20 µM, 30 µM, 50 µM or 80 µM of WzcCDΔC (molar ratios of 1:0.05, 1:0.10,
1:0.15, 1:0.25 and 1:0.4) in NMR buffer. Dispersion data were also acquired at 800 MHz, for a
200 µM sample of Wzb in the presence of 50 µM of WzcCDΔC (corresponding to a molar ratio of
1:0.25).

All datasets were acquired with 512 and 100 complex points in the 1H and

15

N

dimensions, respectively, with corresponding spectral windows of 13 ppm and 30 ppm, utilizing
a 1.5 s recycling delay. For all experiments, data were acquired for a constant relaxation delay
(TCPMG) of 60 ms and 9 sets of delays between the pulses corresponding to effective lock fields
(νCPMG) of 33.33, 66.67, 100, 100, 200, 300, 500, 800 and 1000 Hz.

2.2.4 Analysis of Relaxation Dispersion Data
The effective relaxation rate as a function of lock-field, R2,eff (νCPMG), and their associated
uncertainties σR2, eff were calculated according to the following equations:

R2,eff (ν CPMG ) = −

σ R2,eff =

1
TCPMG

⎛ I(ν
)⎞
ln ⎜ CPMG ⎟
TCPMG ⎝ I o ⎠
1

2

⎛ σ I o ⎞ ⎛ σ I(ν CPMG ) ⎞
⎟
⎜
⎟ +⎜
⎝ I o ⎠ ⎝ I(ν CPMG ) ⎠

(Eq.1)

2

(Eq.2)

Where Io is the peak intensity in the reference spectrum recorded without the π pulse trains, and
I(νCPMG) is the corresponding peak intensity at a given lock-field strength, νCPMG, during a
constant relaxation delay (TCPMG).
The relaxation dispersion data analysis assumed a model given by Scheme 1 that assumes
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exchange between states A (free, major) and B (bound, minor), with associated chemical shifts
ωA and ωB, and first-order rate constants of the forward and reverse process: kon [L] and koff,
where L is the equilibrium concentration of the free ligand and kex = kon [L] + koff. For data
recorded at 600 MHz at various concentrations of WzcCD C the general Carver-Richards equation
Δ

was used (Eq.5). For data collected at two static field strengths, the choice of equation used for
fitting the experimental dispersion data depended on the scaling parameter α defined in (Eq.4)
below.
The exchange contribution to the effective transverse relaxation rates (Rex) was estimated from
the raw experimental data as the difference between the R2,eff (νCPMG) acquired at the lowest and
highest pulsing frequency (νCPMG) 161:

Rex = R2,eff (ν CPMG )low − R2,eff (ν CPMG )high

(Eq.3)

The timescale of exchange (relative to chemical shift) was measured as a function of the static
magnetic field, described by the scaling parameter α that quantifies the dependence of the
exchange contribution, Rex, on the static magnetic field strength (Millet et al. 2000):

⎛ B + B ⎞⎛ R − R ⎞
α = ⎜ 02 01 ⎟⎜ ex 2 ex1 ⎟
⎝ B02 − B01 ⎠⎝ Rex 2 + Rex1 ⎠

(Eq.4)

B01 and B02 are the lower (600 MHz) and higher (800 MHz) static field strengths respectively;
Rex1 and Rex2 are the chemical exchange contribution to R2,eff (νCPMG) at the two field strengths,
respectively, and Rexi = R2,eff (33 Hz) - R2,eff (1000 Hz) (i=1 for 600 MHz and i=2 for 800 MHz)
(Eq.3). α < 1 indicates slow exchange (kex ≤ Δω), α >1 indicates fast exchange (kex ≥ Δω) and α
≈ 1 indicating intermediate exchange (kex ≈ Δω) 162.
The dependence of R2,eff on the lock field, (νCPMG), is given by the Carver-Richards equation
156

that is valid in all exchange regimes:
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⎞
1⎛
1
R2,eff (ν CPMG ) = ⎜ R20A + R20B + kex −
cosh −1 (D+ cosh(η+ ) − D− cosh(η− ))⎟
2⎝
2τ CPMG
⎠
1⎛
ψ + 2Δω 2 ⎞⎟
D± = ⎜⎜ ±1+
2⎝
ψ 2 + ξ 2 ⎟⎠
2τ
(Eq.5)
η± = CPMG ±ψ + ψ 2 + ξ 2
2
ψ = (R20A − R20B + pB kex − pA kex )2 − Δω 2 + 4 pA pB kex2

ξ = 2Δω (R20A − R20B + pB kex − pA kex )
R02A and R02B are the intrinsic relaxation rates in the absence of exchange between states A and
B, respectively; τCPMG is the delay between successive π pulses of the Carr-Purcell-Meiboom-Gill
(CPMG) scheme and νCPMG = 1/4τCPMG; kex and Δω=| ωA and ωB| are the exchange rate constant
and the chemical shift difference, respectively; pA and pB are the equilibrium populations of the
two states (with pA being the major state, and pA + pB = 1).
In the fast exchange regime, where kex>>|Δω|, the Carver-Richards equation simplifies to 156:

R2,eff (ν CPMG ) = R2,eff (∞) +

⎛ k
⎞⎞
φex ⎛ 4ν CPMG
tanh ⎜ ex ⎟⎟⎟
⎜⎜1−
kex ⎝
kex
⎝ 4ν CPMG ⎠⎠

(Eq.6)

Where φex = pApBΔω2, and R2,eff (∞) is the population-weighted average of the effective
transverse relaxation rate in the absence of chemical exchange. While only R2,eff (∞), kex, and φex
=(pA pB Δω2) can be extracted from the fits, a priori knowledge of pA and pB (from an
independent measurement of the interaction affinity, ITC in this case) allows an estimate of Δω.
In our case, the populations of the bound species (pB) in the complex were determined from the
dissociation constant KD, using the standard binding quadratic equation:

[ AB] =

1
[ A]tot + [ B]tot + kD −
2

(

([ A ] + [ B ]
tot

tot

+ kD )2 − 4 [ A ]tot [ B ]tot )

)

(Eq.7)

Where [A]tot and [B]tot are the total concentrations of Wzb and WzcCD C, respectively, [AB] is the
Δ
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concentration of the complex, and pB is defined as pB = [AB]/[B]tot. The kon and koff values were
determined from the extracted kex values using the relations of kon = pBkex/[B] and koff = pAkex,
respectively, with [B] being the concentration of free WzcCD C. Further, where relaxation
Δ

dispersion data were obtained at various concentrations i.e. various values of [B]tot, the limiting
value of the effective relaxation rate R2,eff (∞) in the absence of exchange can be used to
extrapolate the exchange-free relaxation rates of the free (R02A) and fully-bound states (R02B),
respectively, using the relation:
(Eq.8)

R2,eff (∞) = pA (R20A ) + pB (R20B )

Thus, in principle the number of adjustable parameters in (Eq.5) may be reduced to two, kex
and Δω.
Detailed analysis was carried out for residues for which Rex = R2,eff (33 Hz) - R2,eff (1000 Hz) > 3
s-1. For data collected at 600 MHz at various concentrations of WzcCD C, the analysis was carried
Δ

out using the general Carvel-Richards equation (Eq.5). In order to fit the dispersion data, the
residue-specific intrinsic relaxation rates R02A and R02B obtained from Eq.8 using R2,eff (1000 Hz)
as proxy for R2,eff (∞). Data were fitted using GraphPad Prism (version 6.0h). See Figure 2-3 for
representative examples.
For data collected at both 600 and 800 MHz (1:0.25 Wzb:WzcCD C molar ratio), the exchange
Δ

regime was determined from the value of α using (Eq.4) above. Data for residues of which the α
value was found to be in the 1-2 range (i.e. those that were in the fast exchange regime) were
globally fitted using the simplified form of the Carver-Richards equation in the fast exchange
limit (Eq.6) assuming a common kex value in addition to fits assuming individual kex values (local
fits). Model selection (global or local) was done using the Akaike Information Criterion (AICc)
163

. In cases where the AICc test indicated that the global fit was the preferred model with a
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probability ≥ 0.98, the χ2 values obtained from the global fits χ2global and the individual fits χ2indiv
were compared and residues for which χ2global/χ2indiv > 2 were excluded from the global fitting
process

164

. This procedure was repeated until values of χ2group/χ2indiv ≤ 2 were obtained for each

globally fitted cluster of residues

165,166

. Residues that could not be assigned to a global cluster

were fitted locally.

Imane Djemil - May 2020

47

Structural and Dynamic Features of a Transiently Assembled Complex between a Bacterial Tyrosine Kinase and its
Cognate Phosphatase

2.3 Results and Discussion
2.3.1 Relaxation Optimized 15N Relaxation Dispersion Measurements

We performed a series of

15

N-CPMG relaxation experiments on

15

N,2H-labeled Wzb in the

presence of sub-stoichiometric amounts of 2H-labeled WzcCD C. All experiments were performed
Δ

in phosphate buffer that allowed the observation of resonances of key residues at the catalytic
site of Wzb (including those of the P-loop and the D-loop). These are only observable in the
presence of phosphate

71,119

. In addition, similar measurements were carried out for

15

N,2H-

labeled Wzb in the free state to define regions that show exchange in the presence of WzcCD C.
Δ

Experiments were performed at 600 and 800 MHz (see Methods, Section 2.2.3 for details).
The presence of exchange on Wzb in both the free and bound states was first evaluated in
terms of the exchange contribution, Rex, using (Eq.3). No significant exchange contributions (Rex
values ~ 0) were seen for free Wzb, suggesting the absence of conformational dynamics with rate
constants in the 100-2500 s-1 range. Conversely, in the presence of WzcCD C specific residues
Δ

displayed significant Rex values, whose magnitudes increased with increasing WzcCD C
Δ

concentration (Figure 2-1 A-E). At the lowest population of the bound state (pB = 0.05), the
following residues showed statistically significant Rex values > 5 s-1: F2, the catalytic C9 and
R74. These residues presumably show the largest variation in their chemical environments in the
presence of WzcCD C. At a pB value of 0.24, the Rex contributions to the transverse relaxation rate
Δ

for the residues mentioned above in addition to N75 (α3, along with R74), I79 (β3), D77 (β3-α3
loop) and M82 (β3-α4 loop) exceeded 15 s-1. Residues F2, R74, N75 and D77 are all solvent
exposed and are likely to be in the vicinity of, if not in direct contact with, WzcCD C (Figure 2-2
Δ

D). As seen in Figure 2-2, residues with significant Rex values largely overlap with those
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previously identified as significantly perturbed by WzcCD presence from NMR-based titration
studies (Figure 2-2 F) 119.
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Figure 2-1. Exchange contributions (Rex) to the effective 15N backbone amide transverse
relaxation rates observed on Wzb in the presence of varying concentrations of WzcCDΔC.
(A) Rex values for free Wzb are close to 0 suggesting that the exchange on the millisecond
timescale is initiated by the presence of WzcCDΔC. Rex values for the amide 15N nuclei are plotted
against the sequence of Wzb. Errors were determined from the standard deviation of the noise for
each spectrum using (Eq.2). (B-F) Each sub-plot represents the Rex values estimated for a given
pB i.e. the population of the fully bound state of Wzb - 0.05, 0.10, 0.15, 0.24, and 0.38,
respectively.
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Figure 2-2. Rex values mapped onto Wzb surface for each population of the fully-bound
state (pB).
(A-E) Rex < 3, grey; 3 ≤ Rex < 5, yellow; 5 ≤ Rex <10, orange; Rex ≥ 10, red. (F) Wzb residues
that show significant signal attenuation in the presence of equimolar amounts of WzcCDΔC are
mapped onto the Wzb surface 119. It is evident that the pattern of residues largely overlaps with
those showing significant exchange in the dispersion measurements.
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As noted above, residues with Rex > 3s-1 were selected for a more detailed analysis in the
context of the two-state exchange model (Scheme 1). The parameters of exchange Δω, kex were
extracted by fitting the relaxation dispersion data to the Carver-Richards-full equation (Eq.5). In
order to reduce the number of adjustable parameters, we extrapolated the limiting residue
specific rates R02A (free) and R02B (bound) from linear fits of the R2,eff values at the highest pulse
repetition frequency (νCPMG = 1000 Hz, assuming the exchange to be fully suppressed at this
frequency) as a function of population of bound state (pB, estimated from the KD value
determined using ITC), according to equation Eq.8 and as illustrated in Figure 2-3 A (see the
Materials and Methods, Section2.2.4). The average values of the extrapolated intrinsic relaxation
rates R02A (~15.4 ± 3.2 s-1) and R02B (~ 34.5 ± 2.1s-1) are clearly reflective of the significantly
increased size of the Wzb•WzcCD C complex.
Δ

Residue-specific relaxation dispersion data at varying fractions of the bound species (pB)
were then fitted collectively to the general Carver-Richards (Eq.5) using a common R02A and R02B
constrained to the range of values obtained for R02A and R02B, a fixed population of bound species
(pB) at the specific concentration, and the individual parameters Δω and kex were extracted. For
most residues the kex values obtained were largely independent of the concentration of WzcCD C
Δ

as expected for diffusion-controlled kon at the concentrations used. Therefore, in order to further
simplify the analysis, the kex values were set to be equal at all values of pB and the Δω remained
the only floating parameter for a given residue (Table 2-1). As illustrated in Figure 2-4, the
relaxation dispersion curves display clear increases in their limiting values with increasing
populations of the bound-state and a more substantial presence of the higher molecular weight
Wzb•WzcCD C complex (Figure 2-4,Table 2-1).
Δ
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Figure 2-3. Estimation of the effective transverse relaxation rates R02A (free Wzb) and R02B
(Wzb•WzcCD C complex) at 600MHz.
Δ

(A) Representative linear regression plots for F2, C9, R74, D77, E96, and K100 showing the
R2,eff rates at the highest CPMG frequency R2,eff (νCPMG =1000 Hz) versus the population of the
free species (pA), used to estimate the transverse relaxation rates of free (R02A) and bound (R02B)
states extrapolated according to equation Eq.8 (B) The extrapolated residue specific R02A (red)
and R02B (blue) values plotted against the sequence of Wzb. The local variations could be
assumed to be reflective of changes in dynamics upon complex formation.
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Figure 2-4. Representative 15N relaxation dispersion profiles of Wzb residues at varying
concentrations of WzcCD C recorded at 600 MHz.
Δ

Relaxation dispersion curves for F2, C9, R74, N75, D77, and K100 at WzcCD C concentrations of
10 µM, 20 µM, 30 µM, 50 µM and 80 µM, with corresponding populations of bound states (pB):
0.05, 0.10, 0.15, 0.24, and 0.38, respectively. The curves represent fits to the full CarverRichards equation (Eq.5), and the fitting parameters are listed in Table 2-1.
Δ
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2.4 Relaxation Dispersion Measurements at Two Static Magnetic Fields
In order to further characterize the exchange contributions to the transverse spin relaxation
of Wzb due to its association with WzcCD C, dispersion data were measured at two magnetic field
Δ

strengths of 600 and 800 MHz for a 1:0.25 molar ratio for the two species. As before, dispersion
data for residues with Rex > 3 s-1 were analyzed at both static magnetic fields (Figure 2-5). To
evaluate the exchange regime, we relied on the dependence of Rex on the field strength using the
parameter α (Eq.4) (Millet et al. 2000). 1 < α ≤ 2, for fast exchange on the chemical shift
timescale; 0 ≤ α < 1 for slow exchange. Thus, values of α less than 1 are indicative of slow
exchange, where Rex values are independent of field strength.
The α values determined for Wzb in the presence of WzcCD C suggest two distinct exchange
Δ

regimes, indicating that the exchange contributions are not restricted to a single dynamic process.
A total of 19 residues with α values ~1-2 (intermediate-to-fast regime) and 7 residues with α
values ~0-1 (slow-to- intermediate regime) were noted (Table 2-2, Table 2-3, and Table 2-4).
The presence of multiple exchange regimes is somewhat evident from the simple visual
inspection of the field dependence of the Rex values shown in Figure 2-5. For example, for the
majority of residues, Rex values between 600 and 800 MHz show a substantial increase with field
strength e.g. R71, R89, and K100 (labeled in red in Figure 2-5). On the other hand, few residues
exhibit nearly unchanged Rex values at both fields e.g. F2, C9 I79, and Q137 (labeled in blue in
Figure 2-5) show little, if any, dependence on the strength of the static magnetic field. The
dispersion for these 26 residues was analyzed using the framework appropriate to the
corresponding exchange regime, as detailed in the Materials and Methods (Section2.2.4) and
analyzed below.
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Figure 2-5. Exchange contribution to the transverse relaxation rate (Rex) for Wzb in the
presence of WzcCD C in a 1:0.25 molar ratio sample at 600 MHz and 800 MHz.
Δ

Comparison of Rex (> 3s-1) at 600 MHz and 800 MHz of uniformly labelled 15N,2H-Wzb.
Representative residues displaying significantly higher Rex values at 800MHz than 600MHz are
labeled in red, and those with nearly unchanged Rex values at the two fields are labeled in blue.
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2.4.1 The Fast Exchange Regime

As noted above, 19 Wzb residues experience exchange on the fast exchange regime in the
presence of WzcCD C, allowing the analysis of the dispersion data using a simplified form of the
Δ

Carver-Richards equation represented by (Eq.6). Global fitting of all 19 residues using a
common kex value at both fields did not lead to statistically significant improvements as
assessed using the Akaike Information Criterion (AICc) suggesting that the exchange
contributions for these residues did not result from the same dynamic process. Residues that
produced similar kex values were grouped and globally fitted using a common kex (see Materials
and Methods section 2.2.4). Iterative use of this procedure yielded three separate clusters of
residues for which data could be fitted using a common kex values as shown in Table 2-2. Some
residues did not belong to any of the three clusters and had to be analyzed individually.
Cluster 1 (kex of 738.3 ± 60 s-1) consists of four residues located opposite the catalytic site and
includes D77, E96, R98 and K100 (shown as red spheres in Figure 2-6 A). This cluster consists
of surface-exposed charged residues that could likely contribute to engaging the conserved
508

EX2RX2R514 motif of WzcCD C. However, additional data is necessary to confirm this. For this
Δ

cluster, using the ITC-estimated KD, one can estimate a kon of 5.7 ×107 M-1 s-1 and a koff of 565 ±
46 s-1 (see Materials and Methods; Section 2.2.4).
Cluster 2 (kex = 416.9 ± 27 s-1) contains seven residues located on the same face as the
catalytic site, and in fact, includes residues within the catalytic cavity. These include residues of
the α4 helix - K84, E88, R89, C91 (all solvent exposed) in addition to the buried hydrophobic
residues T81 and M82 immediately preceding α4. These residues are spatially proximal to those
of Cluster 1 (R98 contacts C91 from Cluster 2). These residues could also directly or indirectly
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interact with WzcCD. Furthermore, the buried residues T81 and M82 are located in the vicinity
of catalytic P-loop and these were previously shown to be perturbed in the presence of either
non-cleavable tri-peptide EY*E, and phosphate 119. However, for the residues that are buried in
the catalytic cavity to directly contact WzcCD C would require a large structural rearrangement
Δ

within the overall fold of Wzb. This scenario, while possible, seems highly unlikely.
Cluster 3 (kex = 240.1 ± 24 s-1), consists of three residues located near the C-terminus of Wzb
and include residues Q140, L142, and N143. These residues are located quite far from the
catalytic site and indeed from Clusters 1 and 2 and it likely that these play a primary role in
engaging WzcCD C. In addition, to the residues that belong to the clusters described above, 6
Δ

additional residues within the fast exchange limit could not be included in any of the three
clusters. These residues included N3, H27, R71 and N75, V101, and M102 shown as grey
spheres in Figure 2-6. Most of these residues lie in close proximity to the above clusters and are
possibly coupled to them. The local fit parameters extracted are listed in Table 2-3, where the
residue-specific kex values were simultaneously fitted at both fields and individual Δω values
were obtained. The individual kex values at 600 and 800MHz for residues V101 (kex = 215 ± 70
and kex = 700.3 ± 99, respectively) and M102 (kex = 298 ± 86 and kex =1231 ± 290, respectively)
varied significantly. We attribute these differences to the poor quality of the data. Of note, for
the 19 residues discussed above (e.g., T81, M82, R84, E88, R89, E96, R98, K100, D77, N75),
the timescale of exchange obtained from the parameter α largely correlates with the data
provided in Table 2-1 and discussed in section 2.3.1, as indicated by the kex values that are
larger than the Δω consistent with an exchange process in the fast limit (kex > Δω).
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Figure 2-6: Nature of the three clusters on Wzb defined by the global fits of the relaxation
dispersion data measured at 600 and 800 MHz in the presence of WzcCD C.
Δ

(A) Clusters 1 (red, kex ~738 s-1), 2 (orange, kex ~ 416 s-1), and 3 (yellow, kex ~ 240 s-1) that
correspond to the fast exchange regime are shown as spheres on a ribbon representation of the
structure of Wzb. Residues for which exchange was determined to be in the fast exchange regime
but could not be included in any of the clusters in a statistically significant manner are shown as
grey spheres. Representative 15N dispersion curves at 600 (red) and 800 (blue) MHz for each
cluster are shown on the right panels (B) D77 for Cluster 1, (C) M82 for Cluster 2, and (D) L142
for Cluster 3.
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2.4.2 The Slow Exchange Regime

Based on the value of the scaling parameter α discussed above, the binding of WzcCD C also
Δ

induced conformational exchange in the slow exchange regime for a total of 7 residues including
the N-terminal F2 and N4 the catalytic C9 of the P-loop, the α3 helix residues R74, Y76 and I79
of β4-sheet and Q137 close to the C-terminus (Table 2-4, Figure 2-7). An inspection of Table
2-1 shows that in most cases the Δω values for these residues are similar to (e.g. N4, C9, I79, and
Q137), or far exceed (e.g. F2 and R74) the corresponding kex suggestive of exchange that is on
the intermediate to the slow regime. Several of these residues are buried and are unlikely to
directly interact with WzcCD C. However, others could be involved in the interaction, such as F2
Δ

and R74 that are solvent exposed and showed large perturbations at the lowest concentrations of
WzcCD C (1:0.05 molar ratio, as discussed in section 2.3.1 above).
Δ
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Figure 2-7: Location of residues on Wzb undergoing exchange on the slow-to-intermediate
regime in the presence of WzcCD C.
Δ

Residues in exchange on the slow-to-intermediate regime are shown in blue spheres on the
structure of Wzb. Residues that show exchange on the fast-to-intermediate regime (discussed in
section 2.4.1) are colored as in Figure 2-6.
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2.5 Conclusions

It is evident that multiple exchange regimes appear to be involved in the interaction of Wzb
with WzcCD C. These include both the fast and the slow exchange regimes with different dynamic
Δ

timescales clustering in similar regions in space. It is quite remarkable that this chemical
exchange is only visible in the presence of WzcCD C while free Wzb does not appear to show
Δ

dynamics with rates in the 150-2500 s-1 range. It is also evident that the experimental results
presented in this chapter cannot distinguish between the dynamics that arise from the
association/dissociation of the Wzb•WzcCD C complex from those that are the result of
Δ

conformational dynamics that are activated due to this association. Thus, as described in the
following chapter, we relied on the measurement of paramagnetic relaxation enhancement (PRE)
that provides distance constraints between the two species that participate in the transiently
assembled complex. The presence of a structural model of this complex should provide a more
robust framework to interpret the dispersion data in greater detail as will be done in the final
chapter.
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Figure 2-8. 15N dispersion curves at 600 MHz for Wzb in the presence of WzcCD C at
different molar ratios.
Δ

Dispersion curves for Wzb residues in the presence of 10 µM, 20 µM, 30 µM, 50 µM and 80 µM
of WzcCD C colored according to the corresponding population in the bound state (pB). For some
residues the exchange contribution, Rex, was not large enough at lower concentrations of WzcCD C
to provide well-fitted dispersion profiles, indicated by missing curves at that specific pB. The pB
values were obtained from the KD using (Eq.7). The parameters R02A, R02B and kex were globally
fitted for each residue (as described in section 2.3.1), and the individual Δω values are shown in
Table 2-1.
Δ

Δ
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Figure 2-9. 15N relaxation dispersion profiles of Wzb in the presence of WzcCD C at a 1:0.25
molar ratio at 600 and 800 MHz.
Data for residues that could be globally fit using the fast exchange equation (Eq.6) are shown (A)
Cluster 1. (B) Cluster 2. (C) Cluster 3. Residues that could not be fit any cluster but were fitted
individually considering the 600 and 800 MHz data simultaneously are shown in (D). The fitted
parameters corresponding to (A-C) are shown in Table 2-2 and the parameters corresponding to
(D) are shown in Table 2-3.
Δ
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APPENDIX
Table 2-1: 15N exchange parameters for individual residues fitted globally with a common
R02A, R02B and kex values at various fractions of bound (pB) to the full Carver-Richard
equation (Eq.5).
The R02A and R02B for each residue were constrained within the upper range of the relaxation
rates extrapolated as illustrated in Figure 2-3, and are shown in brackets.
Residue pB

Δω (rad/s)

F2

N3

0.05
0.10
0.15
0.24
0.38

1099 ± 283
1020 ± 123
852 ± 64
971 ± 45
1342 ± 44

0.05
0.10
0.15
0.24
0.38

166 ± 11
133 ± 8.9
150 ± 5.4
146 ± 4.9
166 ± 11

0.05
0.10
0.15
0.24
0.38

240 ± 57
241 ± 27
193 ± 20
181 ± 13
212 ± 8.4

0.05
0.10
0.15
0.24
0.38

262 ± 28
236 ± 14
215 ± 9.9
238 ± 6.0
217 ± 5.5

0.10
0.15
0.24
0.38

186 ± 13
183 ± 8.4
163 ± 6.3
174 ± 5.3

0.05
0.10
0.15
0.24

1106 ± 408
1064 ± 212
1047 ± 151
1175 ± 93

N4

C9

R71

R74

-1

R02A (s )
[10.9 ± 1.2]
10.9 ± 0.4
10.9 ± 0.4
10.9 ± 0.4
10.9 ± 0.4
10.9 ± 0.4
[11.8 ± 2.2]
11.8 ± 0.2
11.8 ± 0.2
11.8 ± 0.2
11.8 ± 0.2
11.8 ± 0.2
[15.2 ± 0.3]
14.6 ± 0.5
14.6 ± 0.5
14.6 ± 0.5
14.6 ± 0.5
14.6 ± 0.5
[16.2 ± 1.9]
16.3 ± 0.3
16.3 ± 0.3
16.3 ± 0.3
16.3 ± 0.3
16.3 ± 0.3
[16.9 ± 3.4]
16.2 ± 0.3
16.2 ± 0.3
16.2 ± 0.3
16.2 ± 0.3
[16.0 ± 3.6]
16.0 ± 0.3
16.0 ± 0.3
16.0 ± 0.3
16.0 ± 0.3

-1

R02B (s )
[35.5 ± 0.8]
34.6 ± 2.3
34.6 ± 2.3
34.6 ± 2.3
34.6 ± 2.3
34.6 ± 2.3
[32.3 ± 3.2]
32.1 ± 0.9
32.1 ± 0.9
32.1 ± 0.9
32.1 ± 0.9
32.1 ± 0.9
[49.6 ± 2.3]
46.8 ± 2.5
46.8 ± 2.5
46.8 ± 2.5
46.8 ± 2.5
46.8 ± 2.5
[32.1 ± 1.2]
31.6 ± 1.3
31.6 ± 1.3
31.6 ± 1.3
31.6 ± 1.3
31.6 ± 1.3
[34.8 ± 2.2]
36.9 ± 1.0
36.9 ± 1.0
36.9 ± 1.0
36.9 ± 1.0
[34.9 ± 2.3]
34.0 ± 0.5
34.0 ± 0.5
34.0 ± 0.5
34.0 ± 0.5
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kex (s )
129.2 ± 2.2
129.2 ± 2.2
129.2 ± 2.2
129.2 ± 2.2
129.2 ± 2.2
355.8 ± 41
355.8 ± 41
355.8 ± 41
355.8 ± 41
355.8 ± 41
300.1 ± 62
300.1 ± 62
300.1 ± 62
300.1 ± 62
300.1 ± 62
355.4 ± 31
355.4 ± 31
355.4 ± 31
355.4 ± 31
355.4 ± 31
400.3 ± 40
400.3 ± 40
400.3 ± 40
400.3 ± 40
131.2 ± 25
131.2 ± 25
131.2 ± 25
131.2 ± 25
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Residue pB

Δω (rad/s)

0.38

1762 ± 86

0.05
0.10
0.15
0.24
0.38

195 ± 56
231 ± 50
272 ± 66
260 ± 29
330 ± 33

0.05
0.10
0.15
0.24
0.38

254 ± 15
225 ± 8.0
198 ± 5.8
177 ± 4.4
146 ± 4.3

0.05
0.10
0.15
0.24
0.38

355 ± 68
361 ± 32
283 ± 22
404 ± 11
539 ± 26

N75

Y76

D77

I79
0.05
0.10
0.15
0.24
0.38
)
T81
0.05
0.10
0.15
0.24
0.38
M82
0.15
0.24
0.38
K84
0.15
0.24
0.38
R89
0.05
0.10
0.15

368 ± 168
486 ± 96
376 ± 54
515 ± 40
612 ± 35
223 ± 22
185 ± 12
191 ± 7.5
207 ± 4.5
222 ± 3.5
289 ± 38
337 ± 25
259 ± 11
181 ± 20
197 ± 11
212 ± 9.2
208 ± 36
176 ± 19
167 ± 13

-1

R02A (s )
16.0 ± 0.3
[15.2 ± 3.0]
14.2 ± 1.4
14.2 ± 1.4
14.2 ± 1.4
14.2 ± 1.4
14.2 ± 1.4
[14.7 ± 2.1]
14.6 ± 0.2
14.6 ± 0.2
14.6 ± 0.2
14.6 ± 0.2
14.6 ± 0.2
[14.6 ± 3.1]
14.4 ± 0.9
14.4 ± 0.9
14.4 ± 0.9
14.4 ± 0.9
14.4 ± 0.9
[12.7 ± 2.4]
12.7 ± 0.7
12.7 ± 0.7
12.7 ± 0.7
12.7 ± 0.7
12.7 ± 0.7
[15.4 ± 4.3]
15.4 ± 0.2
15.4 ± 0.2
15.4 ± 0.2
15.4 ± 0.2
15.4 ± 0.2
[14.5 ± 5.2]
14.5 ± 0.0
14.5 ± 0.0
14.5 ± 0.0
[13.6 ± 3.8]
14.0 ± 0.9
14.0 ± 0.9
14.0 ± 0.9
[14.3 ± 1.1]
14.3 ± 0.3
14.3 ± 0.3
14.3 ± 0.3

-1

R02B (s )
34.0 ± 0.5
[34.7 ± 1.9]
41.5 ± 3.9
41.5 ± 3.9
41.5 ± 3.9
41.5 ± 3.9
41.5 ± 3.9
[35.8 ± 1.4]
36.2 ± 0.7
36.2 ± 0.7
36.2 ± 0.7
36.2 ± 0.7
36.2 ± 0.7
[44.1 ± 2.0]
40.9 ± 3.9
40.9 ± 3.9
40.9 ± 3.9
40.9 ± 3.9
40.9 ± 3.9
[39.6 ± 1.5]
38.9 ± 3.7
38.9 ± 3.7
38.9 ± 3.7
38.9 ± 3.7
38.9 ± 3.7
[34.1 ± 2.7]
31.4 ± 0.9
31.4 ± 0.9
31.4 ± 0.9
31.4 ± 0.9
31.4 ± 0.9
[53.0 ± 3.3]
52.9 ± 0.0
52.9 ± 0.0
52.9 ± 0.0
[31.6 ± 2.5]
32.1 ± 2.8
32.1 ± 2.8
32.1 ± 2.8
[37.5 ± 0.7]
38.2 ± 1.4
38.2 ± 1.4
38.2 ± 1.4
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kex (s )
131.2 ± 25
294.3 ± 39
294.3 ± 39
294.3 ± 39
294.3 ± 39
294.3 ± 39
376.5 ± 30
376.5 ± 30
376.5 ± 30
376.5 ± 30
376.5 ± 30
432.1 ± 71
432.1 ± 71
432.1 ± 71
432.1 ± 71
432.1 ± 71
134.6 ± 6.1
134.6 ± 6.1
134.6 ± 6.1
134.6 ± 6.1
134.6 ± 6.1
316.0 ± 22
316.0 ± 22
316.0 ± 22
316.0 ± 22
316.0 ± 22
342.0 ± 53
342.0 ± 53
342.0 ± 53
368.8 ± 59
368.8 ± 59
368.8 ± 59
235.8 ± 53
235.8 ± 53
235.8 ± 53
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Residue pB
0.24
0.38

Δω (rad/s)
161 ± 8.4
152 ± 6.3

0.10
0.15
0.24
0.38

150 ± 10
160 ± 6.3
159 ± 4.0
164 ± 3.1

0.15
0.24
0.38

141 ± 17
129 ± 11
167 ± 7.9

0.10
0.15
0.24
0.38

215 ± 9.6
184 ± 7.5
205 ± 5.6
176 ± 5.6

0.05
0.10
0.15
0.24
0.38

356 ± 27
273 ± 16
239 ± 12
243 ± 8.3
283 ± 8.7

0.05
0.10
0.15
0.24
0.38
M102
0.10
0.15
0.24
0.38
Q137
0.10
0.15
0.24
0.38
Q140
0.15
0.24
L142
0.15

238 ± 32
228 ± 16
202 ± 11
230 ± 6.7
248 ± 5.4

C91

E96

R98

K100

V101

209 ± 24
198 ± 17
177 ± 13
188 ± 12
294 ± 71
256 ± 35
198 ± 23
204 ± 14
128 ± 6.6
137 ± 3.9
74 ± 8.7

-1

R02A (s )
14.3 ± 0.3
14.3 ± 0.3
[15.5 ± 1.3]
14.9 ± 0.2
14.9 ± 0.2
14.9 ± 0.2
14.9 ± 0.2
[13.4 ± 3.3]
1
13.2
± 0.6
13.2 ± 0.6
13.2 ± 0.6
[15.1 ± 2.8]
15.4 ± 0.2
15.4 ± 0.2
15.4 ± 0.2
15.4 ± 0.2
[14.9 ± 3.4]
14.0 ± 0.3
14.0 ± 0.3
14.0 ± 0.3
14.0 ± 0.3
14.0 ± 0.3
[14.9 ± 4.6]
15.0 ± 0.3
15.0 ± 0.3
15.0 ± 0.3
15.0 ± 0.3
15.0 ± 0.3
[14.3 ± 3.4]
13.7 ± 0.6
13.7 ± 0.6
13.7 ± 0.6
13.7 ± 0.6
[16.0 ± 4.6]
15.8 ± 0.6
15.8 ± 0.6
15.8 ± 0.6
15.8 ± 0.6
[15.5 ± 2.3]
14.0 ± 0.4
14.0 ± 0.4
[14.5 ± 2.3]
14.5 ± 0.2

-1

R02B (s )
38.2 ± 1.4
38.2 ± 1.4
[30.7 ± 0.9]
33.5 ± 0.7
33.5 ± 0.7
33.5 ± 0.7
33.5 ± 0.7
[39.4 ± 2.1]
35.5 ± 2.0
35.5 ± 2.0
35.5 ± 2.0
[39.2 ± 1.8]
38.2 ± 0.8
38.2 ± 0.8
38.2 ± 0.8
38.2 ± 0.8
[44.6 ± 2.2]
48.8 ± 1.5
48.8 ± 1.5
48.8 ± 1.5
48.8 ± 1.5
48.8 ± 1.5
[40.8 ± 3.0]
40.5 ± 1.4
40.5 ± 1.4
40.5 ± 1.4
40.5 ± 1.4
40.5 ± 1.4
[28.8 ± 2.2]
29.9 ± 2.0
29.9 ± 2.0
29.9 ± 2.0
29.9 ± 2.0
[40.9 ± 3.0]
40.4 ± 2.8
40.4 ± 2.8
40.4 ± 2.8
40.4 ± 2.8
[35.9 ± 1.4]
41.4 ± 1.9
41.4 ± 1.9
[37.3 ± 1.5]
37.3 ± 0.9
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-1

kex (s )
235.8 ± 53
235.8 ± 53
280.4 ± 26
280.4 ± 26
280.4 ± 26
280.4 ± 26
342.9 ± 69
342.9 ± 69
342.9 ± 69
657.5 ± 49
657.5 ± 49
657.5 ± 49
657.5 ± 49
570.7 ± 47
570.7 ± 47
570.7 ± 47
570.7 ± 47
570.7 ± 47
379.8 ± 32
379.8 ± 32
379.8 ± 32
379.8 ± 32
379.8 ± 32
499.2 ± 90
499.2 ± 90
499.2 ± 90
499.2 ± 90
250.8 ± 80
250.8 ± 80
250.8 ± 80
250.8 ± 80
313.3 ± 45
313.3 ± 45
216.5 ± 58
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Residue pB

Δω (rad/s)

0.24
0.38

75 ± 5.7
68 ± 4.9

0.15
0.24
0.38

120 ± 6.8
130 ± 3.9
135 ± 3.0

N143

-1

R02A (s )
14.5 ± 0.2
14.5 ± 0.2
[13.4 ± 2.3]
13.4 ± 0.2
13.4 ± 0.2
13.4 ± 0.2

-1

R02B (s )
37.3 ± 0.9
37.3 ± 0.9
[29.1 ± 1.5]
29.3 ± 0.7
29.3 ± 0.7
29.3 ± 0.7
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-1

kex (s )
216.5 ± 58
216.5 ± 58
275.0 ± 30
275.0 ± 30
275.0 ± 30
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Table 2-2. 15N relaxation dispersion parameters obtained from the fast exchange equation
(Eq.6) for three separate clusters in the fast-to-intermediate exchange at 600 and 800MHz,
respectively.
The scaling parameter α values calculated using (Eq.4), as described in the Materials and
Methods section 2.2.4 and text section 2.4.
Residues
Cluster 1
D77 600
D77 800
E96 600
E96 800
R98 600
R98 800
K100 600
K100 800
Cluster 2
M81 600
M81 800
T82 600
T82 800
R84 600
R84 800
E88 600
E88 800
R89 600
R89 800
C91 600
C91 800
Cluster 3
Q140 600
Q140 800
L142 600
L142 800
N143 600
N143 800

kex (s-1)

Δω N(rad/s)

R2,eff (∞) (s-1)

270.5 ± 17.8
301.9 ± 19.9
136.5 ± 12.8
179.2 ± 13.7
133.4 ± 12.7
191.5 ± 14.0
241.5 ± 16.2
275.4 ± 18.2

19.6 ± 0.6
22.1 ± 0.6
19.9 ± 0.6
22.7 ± 0.6
21.5 ± 0.6
26.4 ± 0.6
22.2 ± 0.6
25.2 ± 0.6

738.3 ± 60
738.3 ± 60
738.3 ± 60
738.3 ± 60
738.3 ± 60
738.3 ± 60
738.3 ± 60
738.3 ± 60

1.1 ±0.18

194.7 ± 19.1
212.2 ± 20.1
166.6 ± 17.6
206.1 ± 19.7
164.5 ± 17.2
195.1 ± 18.9
124.0 ± 16.1
137.0 ± 16.5
148.7 ± 15.8
194.5 ± 18.6
132.8 ± 16.2
165.8 ± 17.6

19.9 ± 0.4
24.0 ± 0.4
23.1 ± 0.4
26.2 ± 0.4
18.0 ± 0.5
21.1 ± 0.4
19.9 ± 0.4
23.6 ± 0.4
20.5 ± 0.5
23.7 ± 0.5
19.4 ± 0.5
23.6 ± 0.4

416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27
416.9 ± 27

1.5±0.43

104.8 ± 12.4
132.6 ± 13.5
101.2 ± 12.3
123.7 ± 13.2
103.5 ± 12.4
139.9 ± 13.6

21.0 ± 0.2
24.1 ± 0.2
21.0 ± 0.2
24.0 ± 0.2
18.2 ± 0.2
21.2 ± 0.2

240.1 ± 24
240.1 ± 24
240.1 ± 24
240.1 ± 24
240.1 ± 24
240.1 ± 24

1.6 ± 0.28

α

1.7 ±0.48
1.9 ±0.29
1.1 ±0.16

1.8±0.49
1.9±0.21
1.1±0.17
1.3±0.17
1.8±0.26

1.5 ± 0.30
1.9 ± 0.24

The Δω values were estimated using the individual φex values obtained from the global fits
according to the relation: Δω = (φex /pApB )1/2 at pB of ~ 0.24 and pA of ~ 0.76.
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Table 2-3. 15N relaxation dispersion parameters for Wzb residues in fast-intermediate
exchange, fitted to equation (Eq.6).
Residue-specific kex values were fitted simultaneously at 600 and 800 MHz.
Residues

Δω (rad/s)

R2,eff (∞) (s-1)

kex (s-1)

α

N3 600
N3 800
H27 600
H27 800
R71 600
R71 800
N75 600
N75 800
V101 600
V101 800
M102 600
M102 800

137.5 ± 3.4
180.5 ± 2.9
137.9 ± 7.7
169.0 ± 7.0
138.2 ± 4.9
180.9 ± 4.4
165.7 ± 10.2
247.2 ± 9.1
175.7± 13.5
212.5 ± 12.8
162.7 ± 18.2
210.6 ± 18.2

17.5 ± 0.1
19.7 ± 0.1
22.1 ± 0.3
25.1 ±0.3
22.4 ± 0.2
25.2 ± 0.2
21.0 ± 0.4
23.9 ± 0.4
23.1 ± 0.5
26.5 ± 0.5
18.8 ± 0.5
22.1 ± 0.6

373.0 ± 20
373.0 ± 20
389.9 ± 50
389.9 ± 50
432.6 ± 31
432.6 ± 31
544.1 ± 56
544.1 ± 56
495.3 ± 81
495.3 ± 81
691.6 ± 149
691.6 ± 149

1.6±0.25
0.9±0.22
1.9 ± 0.28
1.9 ±0.22
0.9 ± 0.17
1.3± 0.26

Table 2-4. The scaling parameter α values for Wzb residues undergoing exchange on the
slow-to-intermediate chemical shift time-scale determined using (Eq.4) at 600MHz and
800MHz.
Residue
F2 600
F2 800
N4 600

α
0.0±0.01
0.6±0.12

N4 800
C9 600

0.2±0.03

C9 800
R74 600

0.5±0.08

R74 800
Y76 600

0.3±0.04

Y76 800
I79 600

0.2±0.05

I79 800
Q137 600

0.2±0.03
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3 A STRUCTURAL MODEL FOR THE WZBWZCCDΔC
COMPLEX

3.1 Introduction
As described in the previous chapter, the lack of a structural model of the Wzb•WzcCD C
Δ

complex prevents a clear atomistic interpretation of the exchange effects on spin-relaxation. In a
broader context, to the best of our knowledge, there are no structures of a complex between a
BY-kinase and its cognate LMW-PTP reported in the literature. Trials to identify suitable
conditions for the crystallization of the Wzb•WzcCD C complex have not yet yielded satisfactory
Δ

results, likely due to the relatively weak interaction strength and the considerable conformational
dynamics at the interface and indeed at other sites. Therefore, in order to obtain an atomistic
model of the Wzb•WzcCD C complex, we relied on orthogonal approaches. We utilized distance
Δ

restraints from paramagnetic relaxation enhancement (PRE) measurements supplemented by
ambiguous distance restraints utilizing the relaxation dispersion measurements described in the
previous chapter to determine an atomic model of the Wzb•WzcCD C complex.
Δ
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The measurement of PRE effects has been applied extensively to obtain structural constraints
in systems that are not easily characterized due to their considerable dynamics and/or to probe
transient structural features that are generally not detectable by conventional approaches167–169.
Specifically, in the case of transient protein-protein complexes that have limited lifetimes,
medium to long-range distance information may be obtained through the attachment of
paramagnetic spin labels at specific locations on particular components of the complex and then
probing the PRE effects induced on the other components170,171. PREs are manifested as the
broadening of the NMR signals in a distance dependent manner with a radius of up to ~20 Å,
arising from the unpaired electron of the paramagnetic species, generally a nitroxide radical 172.
At very short distances the R2 values become very large i.e. the corresponding resonance is
broadened to below the noise level and can no longer be detected

173,174

. At larger distances the

broadening is related to the ensemble-averaged distance of the paramagnetic center from the
particular nucleus being probed (i.e., amide 1H). Thus, in specific cases, utilizing multiple spinlabels, it is possible to obtain a sufficient number of long- to medium-range distance constraints
to define an atomic-scale structural ensemble of a transiently assembled complex if highresolution structures of the interacting partners are available and the conformational changes in
these partners resulting from the interaction are modest 175–177.
In the present work, we utilized the PRE effects induced on Wzb by multiple spin-labels,
placed one at a time, on the surface of WzcCD C to yield sufficient distance restraints to generate a
Δ

structural ensemble of the Wzb•WzcCD C complex utilizing the individual high-resolution
Δ

structures of Wzb71 and WzcCD C89. This model of the Wzb•WzcCD C complex provides a
Δ

Δ

framework to analyze the key interactions that stabilize their mutual interface and enables the
interpretation of the results of the relaxation dispersion experiments discussed in the previous

Imane Djemil - May 2020

73

Structural and Dynamic Features of a Transiently Assembled Complex between a Bacterial Tyrosine Kinase and its
Cognate Phosphatase

chapter in structural terms.
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3.2 Materials and Methods

3.2.1 Site directed spin labelling of WzcCD C variants
Δ

For site-specific spin labeling, a pET15b expression vector encoding WzcCD C, was used119.
Δ

Single point mutations were prepared using a Quick-Change site-directed mutagenesis
polymerase chain reaction protocol (Agilent). For efficient reactivity with the reagent used to
introduce the spin-label and to minimize perturbations on the protein structure178, only solvent
exposed residues were selected for the introduction of non-native cysteines. The single-cysteine
WzcCD C variants: Val466Cys, Leu505Cys, Ser516Cys, Gln523Cys and Lys556Cys were
Δ

prepared after substitution of the two native cysteines by serine (Cys544Ser/Cys563Ser) to
generate a cysteine-less variant, WzcCD C,cysless. All mutations were confirmed by DNA
Δ

sequencing, and purified in the same fashion as described previously for wild-type WzcCD C.
Δ

In order to work under the reducing conditions needed for the long-term stability of Wzb, we
used the paramagnetic label, IPSL (3-(2-iodoacetamido)-2,2,5,5-teramathyl-1-pyrrolidinyloxyl
radical; Sigma-Aldrich). The IPSL label generates a covalent thioester bond with its target
cysteine and is stable under reducing conditions unlike the convention disulfide bond generated
by the more common spin-labels such as MTSL. For the spin-labeling conjugation reactions, the
WzcCD C cysteine variants were incubated overnight in a pre-labeling buffer containing 50 mM
Δ

sodium phosphate pH 8.1, 100 mM NaCl and 25 mM DTT. The reducing agent, DTT, was then
removed by passing the protein through a PD-10 desalting Column (GE Healthcare), preequilibrated in spin-labeling buffer containing 50 mM sodium phosphate pH 8.7 and 100 mM
NaCl. The protein samples were then treated with 10-fold molar excess of the spin-label reagent
IPSL dissolved in acetonitrile, and the reaction was allowed to proceed for 1 hour at 25 oC in the
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dark. The unreacted spin-label was then removed by passing the protein samples through a PD10 column pre-equilibrated in NMR buffer (50 mM sodium phosphate pH 6.2, 50 mM NaCl and
25 mM DTT). The efficiency of the spin-labeling reactions was confirmed by MALDI-TOF-MS
with all reactions shown to proceed to ~100 % completeness (see Figure 3-5, below).

3.2.2 Measurement of PREs
All samples for the PRE measurements contained 200 µM of 2H,15N-labeled Wzb and 2Hlabeled WzcCD C in its specific spin-labeled forms at molar ratios of ~1:0.5 for the Val466Cys,
Δ

Leu505Cys and Gln523Cys, 1:0.36 for Ser516Cys and 1:0.34 for Lys556Cys mutants. All
experiments were performed in buffer containing 50 mM sodium phosphate pH 6.2, 50 mM
NaCl, 25 mM DTT, and 10% D2O. For all spin-labeled variants, one sample each of the
paramagnetic (oxidized) or the diamagnetic species (in which the spin-label was reduced with 1
mM ascorbic acid for 2 hours), were prepared. Measurements were performed at 25 oC on a
Bruker Avance spectrometer operating at 600 MHz. The 1H,15N-TROSY spectra of Wzb were
acquired with 1024 and 256 complex points in the direct dimension and indirect dimensions,
respectively, with corresponding spectral widths of 30.5 ppm (15N) and 14.02 ppm (1H). A
recycle delay between scans of 4 s was used to insure adequate magnetization recovery for both
the diamagnetic and paramagnetic states. All data were processed with nmrPipe157 and analyzed
using NMRViewJ158.

3.2.3 Generation of Long-range Distance Restraints from PRE Data
The PRE effect on the amide 1H rates (R2,para) in the presence of the spin-label may be measured
from a 15N, 1H TROSY experiment 179 using Eq. 9:
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I para R2,dia exp(−tR2, para )
=
I dia
R2,dia + R2, para

(Eq. 9)

Ipara and Idia are the intensities for corresponding cross-peaks in the 1H,15N-TROSY spectra of
Wzb in complex with the oxidized and reduced forms, respectively, of the specific IPSL-labeled
cysteine variant of WzcCD C; R2,para and R2,dia are the corresponding effective relaxation rates for
Δ

the amide 1H and t = 8 ms is the total evolution time. For residues for which the resonances
broadened beyond the threshold of detection in the paramagnetic spectrum, the maximal Ipara
value was set to the noise level of the corresponding spectrum. The corresponding errors were
determined using Eq. 10:
𝜎!"#$% =

!!"#"

!!"#"

!!"#

!!"#"

!

+

!!"# !
!!"#

(Eq. 10)

For each amide 1H, the R2,dia was determined from the 1H,15N TROSY spectrum in the
following way - the line-width at half-height (Δν1/2) in the 1H dimension was obtained through a
Lorentzian fit using NMRviewJ 158. The Δν1/2 values were then used to calculate R2,dia = π Δν1/2.
The R2,para values were then calculated using an iterative numerical protocol and Eq. 9.
Using the ITC-determined dissociation constants for each of the WzcCD C variants in Table 3-1,
Δ

the experimentally observed PREs, R2,para, were normalized by the fraction of the bound complex
(fB) to obtain corrected PRE (R2,para,corrected = R2,para/fB) values (referred to as R2,para from hereon
for simplicity). The R2,para, were then converted into intermolecular distances using the following
equation:
1/ 6
* K $
3τ c ' r=,
& 4τ c +
)/
1+ ω h2τ c2 ( .
+ R2, para %

€
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Where, r is the distance between the unpaired electron on IPSL and a given amide proton of
Wzb; ωh is the Larmor frequency of the proton (3.8 × 109 rad s−1), and τc is the rotational
correlation time of the complex. K = 1.23 × 10-32 cm6 s-2 and a τc value of ~24.9 ns was estimated
using the HydroNMR software180 for a modeled pose of WzbWzcCD C complex. However, the τc
Δ

value used has a minimal influence on the quality of the restraints given the relatively large error
bounds used in the docking protocol described below. The errors in the measured cross-peak
ratios (Eq. 10) were propagated into the distances using Eq. 11 via a Monte-Carlo approach. An
additional error bound of ± 2 Å was introduced, as advised by Wagner et al.

179

to compensate

for the experimental uncertainties that arise when using a single time-point measurement as in
the present case. These PRE-derived distance restraints were combined with the ambiguous
distance constraints and utilized in the structural calculations of the WzbWzcCD C complex as
Δ

described below.

3.2.4 Data-driven Docking
Structure calculations were performed using HADDOCK (High Ambiguity Driven Docking),
a data-driven docking method for determining the structures of complexes181. HADDOCK
implements a protocol that includes a series of rigid body dockings followed by a set of semiflexible simulated annealing calculations using the CNS protocol

182

that utilizes the OPLS

183

force-field. HADDOCK has the ability to reshape the docking interface by incorporating a
variety of experimentally obtained constraints in terms of ambiguous interaction restraints (AIR)
or unambiguous interaction distance restraints

184,185

. In particular, unambiguous distance

restraints can be defined between two specific atoms (from opposing protein partners), where the
distance ranges can be derived from experiments such as PREs, as in our case. Ambiguous
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restraints (AIR) are used to define the inter-molecular interface from raw data such as NMR
spectral perturbations or mutational analysis and are implemented as distance restraints using
CNS

182

. Typically, residues are categorized as active if they are solvent-accessible and

positively affected by the binding assay (i.e. their NMR chemical shifts changes upon addition of
the ligand, or the corresponding mutants display different binding affinities), or passive if they
are not known to be affected, but they are solvent exposed and proximal (~6.5 Å) to an active
residue. The AIR are defined so that each active residue belonging to one protein has a single
restraint between that residue and all active and passive residue belonging to the other protein
partner, within a distance of ~2 Å. For the docking calculations, the interfacial residues used to
define AIRs were selected based on the following criteria: (1) signal broadening beyond
detection (for WzcCD C) upon the addition of protein partner Wzb (in a 1:0.25 molar ratio), (2) or
Δ

significant exchange contribution, Rex, (for Wzb) at a molar ratio of 1:0.25, (3) part of a group of
residues affected by conditions (1) or (2) that form a plausible binding patch with at least 30%
surface accessible area as defined by the program NACCESS 186 , and (5) residues when mutated
affected the binding affinity.
To generate a structural model for the WzbWzcCD C complex we simultaneously
Δ

incorporated the PRE-derived distance restraints from four specific spin-labeled positions as
unambiguous distances (Table 3-2). In addition, the experimental restraints obtained from
spectral perturbations, mutagenesis data and relaxation dispersion measurements were
implemented as ambiguous interaction restraints (AIR), as shown in Table 3-3. The NMR
structural ensemble of Wzb (PDB code: 2EFK)71 and the X-ray structure of WzcCD (PDB code:
3LA6)89 were used as starting structures. The C-terminal tyrosine cluster (Y-cluster) was
removed from the structure of WzcCD and each cysteine mutation was introduced using
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PyMOL and MTSL moieties (CYM) were added to each of cysteine variants using the
HADDOCK server. Distance constraints used for the structural calculation were set between the
nitroxyl group on WzcCD C and the amide protons of Wzb. To compensate for the difference
Δ

between the MTSL and the IPSL topologies an additional error of ± 2 Å was introduced into the
distances. Docking runs were performed using the standard HADDOCK protocol consisting of
three consecutive stages. First, a rigid body energy minimization was performed and a total of
1,000 structures were calculated. Second, 200 structures selected on the basis of the empirical
HADDOCK scores obtained in the first stage were subjected to semi-flexible simulated
annealing (SA) in torsion angle space. In this stage the supplied distance restraints involving the
four spin-labeled sites (defined as fully flexible at this stage) were included in the calculations.
The SA protocol was sub-divided into three stages: (i) the protein partners were considered as
rigid bodies, and their relative orientation was optimized at high temperature, (ii) the sidechains at the protein-protein interface were then allowed to move and, finally (iii) both the sidechains and backbone atoms at the interface were considered to be flexible during the
calculations. The interface was defined as comprising of atoms from the two binding partners
that were within ~6 Å from each other. In the final stage, the structures were refined in explicit
solvent, with the side-chains and backbone atoms at the interface and the spin-labels being
considered fully-flexible

184

. The final docked structures were then clustered based on the

backbone RMSD at the interface. Each cluster was then analyzed and categorized based on their
HADDOCK scores. The HADDOCK score is determined by the weighted sum of a variety
energy terms that include desolvation energy, van der Waals energy, electrostatic energy, an
energy term that involves the experimental distance restraints etc.
were further evaluated using PDBePISA

188

187

. The docked structures

to ascertain specific properties of residues that
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comprise the protein-protein interface.

3.2.5 Isothermal Titration Calorimetry (ITC) Measurements
The affinities of Wzb (or mutants) towards WzcCD C (or mutants) were determined using
Δ

isothermal

titration

calorimetry

(ITC)

measurements

performed

using

an

iTC200

microcalorimeter (Malvern). Both Wzb and WzcCD C protein samples were buffer exchanged and
Δ

dialyzed overnight at 4 oC into a buffer containing 50 mM HEPES pH 7.0, 50 mM NaCl, 1 mM
TCEP. Samples were then filtered and degassed under vacuum for 30 minutes.

Titration

experiments were carried out at 25 oC, where the sample cell was filled with either 34 µM of
WzcCD C or buffer alone, and the syringe was filled with 540 µM of Wzb. After the initial 0.4 µL
Δ

injection, a series of 1 µL injections of Wzb into the sample cell were performed at 240 s time
intervals. The data were buffer corrected, normalized and analyzed using Origin software.
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3.3 Results and discussion

3.3.1 Characterization of spin-labeled WzcCD C
Δ

In order to obtain site-specific intermolecular distance constraints from PRE measurements it
was necessary to affix spin-labels at well-defined positions on WzcCD C adhering to the following
Δ

conditions - (1) minimize structural perturbations, (2) minimally affect the ability of the spinlabeled species to interact with Wzb relative to the wild-type species and (3) maximize the
number of independent structural restraints using a minimal set of spin-labels. In order to
facilitate this procedure and start from a “clean” background we first generated a WzcCD C mutant
Δ

where the two native cysteines were mutated to serine (Cys544Ser/Cys563Ser). The cystless
mutant, WzcCD C,cysless, expressed well and could be purified in a fashion to similar to wild-type
Δ

WzcCDΔC.

15

1

N, H TROSY spectrum of this mutant displayed well-dispersed resonances

indicative of a folded protein (Figure 3-1). Not unexpectedly, small perturbations in the
resonance positions were noted compared to wild-type WzcCD C. However, these perturbations
Δ

were not large enough to indicate substantial structural reorganization.
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Figure 3-1: Comparison of 1H-15N TROSY spectra (600 MHz) of wild-type WzcCD C and the
WzcCD C,cysless mutant.
Δ

Δ

Some small perturbations are seen compared to the wild-type species, however these
perturbations are not indicative of any significant structural change as a result of the
Cys544Ser/Cys563Ser mutation.
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The lack of major structural perturbations was confirmed by that the fact that WzcCD C,cysless
Δ

has a similar binding affinity (KD = 11.3 ± 2.5 µM) for Wzb as the wild-type protein (KD = 10.7
± 1.3 µM) (see Figure 3-4, below). Reassured by these results, we used this mutant as template
to introduce the single cysteine mutations at specific sites. Given the large number of Wzb
resonances that are broadened on Wzb in the presence of equimolar amounts of WzcCD C, the
Δ

PRE measurements would need to be performed using sub-stoichiometric concentrations of spinlabeled WzcCD C. For this reason, we preferentially designed the cysteine modifications to be
Δ

proximal to the α2-helix harboring the critical 508Glu-(Xxx)2-Arg-(Xxx)2-Arg514 motif. However,
care was taken to ensure that these mutants minimally perturb the interactions characteristic of
the native proteins. As shown in Figure 3-2, we replaced five solvent accessible residues by
cysteine (on the WzcCD C,cysless background), one at a time into WzcCD C using the α2-helix as a
Δ

Δ

focal point. In these single cysteine variants, for Lys505Cys, Ser516Cys, and Gln523Cys, the
mutations are located at the N-terminal end, the middle, and the C-terminal end of the α2-helix,
respectively. For Val466Cys and Lys556Cys, the mutation is located to the left and right of the
α2-helix, respectively. The five-cysteine variants are named after the spin-labeled position (e.g.
“WzcCD CVal466Cys” implies a Val466Cys mutation introduced into WzcCD C,cysless). All of these
Δ

Δ

WzcCD C cysteine variants expressed well and showed proper folding (Figure 3-3). Four of these
Δ

variants showed an affinity for Wzb that was comparable to wild-type WzcCD C except the
Δ

Lys505Cys mutant that showed a ~4-fold decrease in affinity (Table 3-1, Figure 3-4)

Imane Djemil - May 2020

84

Chapter 3: A Structural Model For The Wzb WzcCDC Complex

Figure 3-2. The locations of the engineered cysteines utilized to attach the spin-labels on
WzcCD C.
Δ

The two native cysteines, Cys544 and Cys563 that were replaced by serines to generate the
cysless mutant are shown as yellow spheres and labelled on the structure of WzcCD (PDB code:
3LA6)89. Residues of the 508Glu-(Xxx)2-Arg-(Xxx)2-Arg514 motif located on the α2-helix are
shown in red. The residues of WzcCD C used for attachment of the spin-label are shown as orange
spheres and labelled: Val466Cys, Leu505Cys, Ser516Cys, Gln523Cys, and Lys556Cys.
Δ
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Figure 3-3: 1H,15N TROSY spectra (600 MHz) of wild-type WzcCD C and corresponding
cysteine mutants.
Δ

Spectra of wild-type WzcCD C (red) compared with specific WzcCD C variants introduced on the
WzcCD C,cysless background (dark blue): (A) Val466Cys, (B) Leu505Cys, (C) Ser516Cys, (D)
Gln523Cys and (E) Lys556Cys. All of the mutants are properly folded.
Δ

Δ

Δ
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Figure 3-4: Isothermal Titration Calorimetry (ITC) measurements of the association of
Wzb with cysteine variants of WzcCD C.
Δ

Representative ITC data with the top panels showing raw data, the bottom panels showing the
binding isotherms obtained for the interaction of Wzb with (A) wild type WzcCD C, (B)
WzcCD C,cysless and (C) the Val466Cys variant. The KD values were determined by fits to a onesite binding model. The KD values for all WzcCD C mutants used are listed in Table 3-1,
representing the average of duplicate measurements.
Δ

Δ

Δ
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To generate the paramagnetic species using the cysteine variants of WzcCD C, we utilized
Δ

IPSL (3-(2-idoacetamido)-proxyl) that covalently attaches to a cysteine via a carbon-sulfur bond
(thioester bond) (Figure 3-5A). The labeling reactions were carried out as described in the
Methods section 3.2.1, above. The efficiency of the spin labeling of 2H-labeled WzcCD C variants
Δ

(for use in the NMR experiments) was confirmed by mass spectrometry; a successful labeling
reaction is indicated by a mass increase of ~200 Da (Figure 3-5B) compared with the unlabeled
species. The reactivity of the spin-label towards several of the WzcCD C variants were confirmed
Δ

by observing the intramolecular paramagnetic effect on the corresponding spin-labeled 2H,15N1

15

WzcCD C variants using H, N TROSY spectra. As shown in the representative overlay of the
Δ

Ser516Cys variant in the paramagnetic and diamagnetic states in Figure 3-6, the intramolecular
paramagnetic effects are localized to residues in the vicinity of the spin-label; which further
confirms the absence of non-specific binding of the spin-label to the WzcCD C variants.
Δ
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Figure 3-5: Covalent modification of a cysteine on the surface of WzcCD C.
Δ

(A) The reaction scheme of IPSL with a cysteine thiol group on the protein surface. (B)
Representative covalent modification of a cysteine residue verified by MALDI-TOF for the
Ser516Cys variant in the absence and presence of spin-label. The bottom trace shows a mass
increase of about ~198.58 Da due to the IPSL conjugation to WzcCD C.
Δ
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Figure 3-6: Intramolecular paramagnetic affects observed on WzcCD C Ser516Cys from the
attachment of the IPSL spin-label.
Δ

(A) Representative intramolecular paramagnetic affects observed on the Ser516Cys variant of
WzcCD C. 1H-15N-TROSY-HSQC spectra overlay of Ser516Cys variant in the paramagnetic state
(red) and diamagnetic (green) (reduced by ascorbic acid) state. (B) Intramolecular paramagnetic
affects mapped onto the structure of Wzc CD C, where strongly affected residues with more than
80% reduction in intensity are shown in red. Unassigned residues are highlighted in yellow, and
unaffected residues (green).
Δ

Δ
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3.3.2 Intermolecular PRE Effects
Intermolecular PRE effects were evident upon comparing the 1H,15N-TROSY spectra of
2

H,15N labeled Wzb in the presence of spin-labeled and 2H-labeled WzcCD C variants in their
Δ

paramagnetic and ascorbic-acid reduced diamagnetic states. A representative example of the
overlay of

15

1

N, H TROSY spectra of Wzb in complex with the WzcCD CVal466Cys variant is
Δ

shown in Figure 3-7 A. It can be seen that several amide resonances on Wzb show significant
reduction in intensity (i.e., increase in the R2 relaxation rates). Comparing the corresponding
paramagnetic and diamagnetic spectra shows a clear reduction in intensities of the residues I87,
E88 C91, E92 and M93, indicating that these residues are in close proximity to the spin-label
located at position Val466Cys. It is interesting that the first four of these residues cluster on the
same face of the α4-helix on Wzb (Figure 3-7 B, Figure 3-8 A).
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Figure 3-7. Illustration of intermolecular PRE effects induced on the 15N,1H TROSY
spectra of 2H,15N-labeled Wzb in the presence of 2H-labeled, spin-labeled WzcCD C variant.
Δ

(A) Wzb residues with significant resonance broadening due to the PRE effects in the presence
of the Val466Cys variant of WzcCD C modified with a diamagnetic (red) or paramagnetic (green)
label. A slice through the amide resonance of I87 in the 1H dimension is shown in the inset
showing the paramagnetic (green) and diamagnetic (red) species. (B) Sites significantly affected
by the presence of spin-label (Ipara/Idia ratio <0.4) are shown in red, sites with (0.4 < Ipara/Idia <0.7)
are shown in yellow.
Δ
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Plots of the ratio of intensities of the paramagnetic (Ipara) and diamagnetic (Idia) states of each
resonance against the sequence of Wzb were extremely informative. As shown in Figure 3-8
different variants showed different patterns of intensity reduction suggesting that these data
contained non-redundant distance information. For example, low intensity ratios in the complex
involving the Val466Cys are located on the α4-β4-region; in comparison, for the Gln523Cys
variant, the regions that are most affected include β4 and the loop connecting it to α5. Residues
with significant intensity reduction (Ipara/Idia < 0.7) mapped on the surface of Wzb are shown in
Figure 3-8F-K. The areas affected by the spin-label presence cluster into localized patches,
suggesting that the transiently assembled complex spends a majority of time in a single overall
orientation (or a set of very similar orientations) with the inter-protein contacts being formed
around relatively well-defined regions in space.
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Figure 3-8. Results of intermolecular PRE effects resulting from the presence of 2H-labeled
and spin-labeled WzcCD C variants mapped on the surface of Wzb.
Δ

Intensity ratios (Ipara/Idia) plotted against the sequence of Wzb for the following variants: (A)
Val466Cys, (C) Ser516Cys, (D) Gln523Cys, and (E) Lys556Cys. Intensity ratios below 0.7 were
considered to be significant and these are mapped onto the surface of Wzb (in blue) for the
following variants: (F) Val466Cys, (H) Ser516Cys, (I), Gln523Cys, and (J) Lys556Cys.
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Intensity ratios with Ipara/Idia < 0.7 from each of complexes with the WzcCD C variants were
Δ

converted into PRE values (R2,para) using equation (Eq. 9). These rates (R2,para) were then
converted to intermolecular distances (r) between the amide protons of each affected residue and
the nitrogen atom of the IPSL nitroxide moiety according to equation (Eq. 11). The calculated
distances, listed in Table 3-2 were used to determine the relative orientation of WzcCD C with
Δ

respect to Wzb in the docking calculations, as described below and detailed in the Materials and
Methods section 3.2.3.
To ascertain that the spin label (IPSL) modifications on the surface of WzcCD C did not
Δ

interfere with binding, we monitored the spectral perturbation (loss in resonance intensity) in
15

N, 1H TROSY spectra of Wzb in complex with the reduced form of the specific spin-labeled

WzcCD C variants. As seen from Figure 3-9, the patterns of changes are very similar to the wildΔ

type proteins in all cases suggesting that conjugation of the spin-label has no significant effect on
the mode of interaction. Notably, there are minor variations in the measured signal attenuations,
likely due to the slightly different binding affinities of WzcCD C variants (the largest deviations
Δ

are noted for the Leu505Cys variant that shows the weakest binding) compared to the wild-type
WzcCD C (Table 3-1) but the perturbed residues remained unchanged in all cases.
Δ
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Figure 3-9: Plots of resonance attenuations in 15N,1H TROSY spectra (600 MHz) of
uniformly 15N,2H- labeled Wzb in the presence of the reduced forms of the 2H-labeled and
spin-labeled WzcCD C variants.
Δ

Attenuations of the backbone amide resonances of Wzb in the presence of a half molar
equivalent of wild-type WzcCD C (red) or reduced spin-labeled variants thereof (blue) plotted
against Wzb residue number: (A) Val466Cys, (B) Leu505Cys, (C) Ser516Cys, (D) Gln523Cys
and (E) Lys556Cys.
Δ
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3.3.3 Building a structural model of the WzbWzcCD C complex
Δ

To build a structural model for the Wzb•WzcCD C complex we introduced the PRE derived
Δ

restraints as unambiguous distances, into the HADDOCK docking protocol

181,187

. A set of 72

distance restraints arising from the four spin-labeled sites on WzcCD C: Val466Cys, Ser516Cys,
Δ

Gln523Cys, and Lys566Cys were incorporated simultaneously (Table 3-2). These distance
restraints were supplemented by a set of ambiguous interaction restraints (AIRs) listed in Table
3-3. Given that the Leu505Cys mutation in WzcCD C leads to a ~4-fold decrease in the binding
Δ

affinity for Wzb, restraints involving this variant was not used in the final structure calculation.
However, inclusion of restraints involving this variant did not result in any significant
differences in the overall conformation of the structural ensemble of the Wzb•WzcCD C complex
Δ

(data not shown). For WzcCD C, NMR spectral perturbations and mutational data were used to
Δ

define the interface. Specifically, the surface exposed residues Glu508, Arg511 and Arg514 that
form part of the conserved motif and mutations of which result in reduced interactions with Wzb
119

were consider to be active residues. In addition, the following surface exposed residues

(Tyr467, Ser512, His518, Phe519, Met522) the resonances corresponding to which were fully
attenuated in the 15N, 1H TROSY spectrum of 2H, 15N-labeled WzcCD C in the presence of oneΔ

quarter molar ratio of 2H-labeled Wzb (Figure 3-21). Residues that were solvent exposed and
within 6.5 Å of those that were also fully attenuated (in blue font in Table 3-3) or both
attenuated by at least 50% and within 6.5 Å of the fully attenuated (in green font in Table 3-3)
were classified as passive residues. For Wzb, the ambiguous interaction restraints involved all
surface exposed residues that showed Rex values > 10 s-1 (see 2) when 24% of the bound state
was populated (pB = 0.24). These included the following residues – (F2, N4, R74, N75, D77,
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K100, and Q137). In addition, all other solvent exposed residues within 6.5 Å of the active
residues were designated as passive (Table 3-3).
The NMR structural ensemble of Wzb (PDB code: 2EFK)71 with a backbone RMSD of 0.9 Å
(using a representative member of the ensemble did not result in any differences with respect to
the structural orientation and convergence of the structures); and a representative monomer from
the X-ray structure of WzcCD (PDB code: 3LA6)89, (the monomers are highly identical to each
with an average backbone RMSD of 0.8 Å) were used as starting structures in the docking
process. In the first round of rigid body docking and energy minimization step, a total of 1,000
structures of the complex were calculated. Subsequently 200 structures with the lowest energy
scores were selected for the simulated annealing and water refinement stages, atoms close to the
interface (if found below the pre-defined threshold of ~6 Å) on both WzcCD C and Wzb, were
Δ

allowed to move. The IPSL moiety was fully flexible during this stage of molecular docking
(see the Materials and Methods, section 3.2.4)

184

. The statistics for the resulting ensemble

representing the WzbWzcCD C complex are shown in Table 3-4. The final ensemble consisted of
Δ

200 well-converged structures contained in a single cluster (termed ClusterALL) with an average
RMSD value relative to the lowest energy structure of 0.9 ± 0.6 Å, four representative members
of the lowest energy structures of the cluster are shown in Figure 3-10A. The average
intermolecular interaction energies (represented by the HADDOCK scores) for the members of
the cluster are plotted against the backbone RMSD at the interface (i-RMSD) in Figure 3-12A;
an i-RMSD that lies in the 1-3 Å range indicates structures with the best interaction energies and
acceptable poses at the interface. The convergence to a single low energy cluster further
confirms that the complex predominantly exists in a single major orientation.
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Figure 3-10: The four lowest energy structures of the WzbWzcCD C complex from
ClusterALL.
Δ

Two views of the complex derived using unambiguous distance restraints and ambiguous
interaction restraints are shown and the Y-cluster region on WzcCD C (green) and the catalytic site
of Wzb (grey) are indicated.
Δ
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As a test for the influence of the unambiguous distance constraints on the calculated
structural ensemble of the WzbWzcCD C complex, we also carried out a docking run where only
Δ

the unambiguous PRE-distance restraints from the four spin-labeled sites (excluding Leu505Cys)
were used (Table 3-2). The structured obtained clustered into one cluster that represents 200 of
the final water-refined structures (termed ClusterPRE). Four of the lowest energy structures from
each cluster are shown in Figure 3-11, and the structural statistics are shown in Table 3-5. In
this case, the average backbone RMSD with respect to the lowest energy structure was 1.3 ± 0.4
Å, and the RMSD at the interface (i-RMSD) was within ~1-4 Å, indicating convergence with
respect to the interaction energies (Figure 3-12 B).
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Figure 3-11. Structural ensemble of the WzbWzcCD C complex using the PRE-based
distance restraints only.
Δ

Superimpositions of the four lowest energy structures of the WzbWzcCD C complex from
ClusterPRE obtained using only the unambiguous PRE-derived distance restraints in Table 3-2
from 4 of 5 spin-labels (excluding Leu505Cys).
Δ
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Figure 3-12: Plots of HADDOCK scores of the structural ensembles of the WzbWzcCD C
complex.
Δ

Plots of the HADDOCK scores in arbitrary units against the backbone RMSD at the interface (iRMSD) shown for structural ensembles ClusterALL (A) and ClusterPRE (B). The average i-RMSD
values and the corresponding standard deviations are displayed as triangles and associated error
bars, respectively. The average values and standard deviations have been calculated over four of
the lowest energy structures in the cluster (i.e. those with the lowest HADDOCK scores).
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The ClusterPRE structural ensemble was found to be quite similar to the ClusterALL with
minimal changes in the position of the α3-helix on Wzb with respect to the α2-helix of WzcCD C
Δ

(Figure 3-13). However, as shown in Figure 3-12 the convergence at the interface (i-RMSD)
and the average intermolecular interaction energies scores (HADDOCK scores) for ClusterALL
are better than those obtained for ClusterPRE. This indicates the utility of including the AIRs in
restricting the range of structures that are compatible with the experimental data.
Figure 3-14 provides a clear illustration of the utility of multiple spin-labels in
providing non-redundant distance information. For example, the spin-label at position
Gln523Cys located at the end of the α2-helix and the spin label at position Lys556Cys, located
on the α3-β2 turn, towards the top left-hand side of the α2-helix, report more precisely on
different sets of regions on Wzb.
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Figure 3-13: Comparison of the structural ensembles of the WzbWzcCD C complex
obtained for ClusterPRE with ClusterALL.
Δ

Clusters ClusterPRE (green) and ClusterALL (purple) are very similar with few minor differences
in the backbone conformation of the interaction species.
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Figure 3-14. The influence of two distinct spin-labeling locations on WzcCD C on distance
restraints.
Δ

The complex is defined by the restraints from four spin-labels of which only two representative
examples are shown: (A) Gln523Cys. (B) Lys556Cys. The positions of the spin-labels on
WzcCD C (green) are indicated by the large orange spheres, representing the C atoms. The
locations of the amide protons on Wzb used in the structure calculations are shown as small
orange spheres on Wzb (grey). The distances from each atom in the structure are represented as
dashed orange lines between the position of spin label and the amide protons. The specific
distances are listed in Table 3-2.
α

Δ
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3.3.4 Structural characterization of the WzbWzcCD C interface.
Δ

A representative structure of the WzbWzcCD C complex was chosen from the structures of the
Δ

ClusterALL shown in Figure 3-10 for further analysis. This interface protein-protein comprises a
significant portion of the α2-helix from WzcCD C together with the α3-helix, the α3-β3 turn, the
Δ

α4-helix, the α4-β4 turn, and parts of the N- and C-termini that are distinct from the catalytic site
of Wzb. This interaction buries a surface area (as determined by PDBePISA189) that is ~673.1 Å2
for Wzb and ~604.4 Å2 for WzcCD C, representing 8.6% and 5.2% of the total surface area,
Δ

respectively, of each interaction partner.
A detailed view of the interactions at the interface between Wzb and WzcCD C is shown in
Δ

Figure 3-15. Residues that lie at the protein-protein interface includes: Glu508, Arg511, Ser512,
Arg514, Thr515 His518, Phe519, Met522, and Gln553 on WzcCD C (three letter code used), and
Δ

M1, F2, R70, R74, D77, P95, E96, M97, R98, G99, K100, M102, and Q145 on Wzb (one letter
code used). Two sites on WzcCD C contained within the α2-helix mediate these interactions. At
Δ

the first site, the N-terminal region of the α2-helix engages the α4-β4 turn on Wzb through
intermolecular electrostatic and hydrogen bonding interactions. Glu508, a part of the conserved
508

Glu-(Xxx)2-Arg-(Xxx)2-Arg514 motif forms a salt-bridge with R98 that also hydrogen bonds

with Ser512; E96 forms a hydrogen-bond with the guanidino moiety of Arg514 through its
backbone carbonyl and a salt-bridge with Arg511 through its sidechain. E96 located in the α4-β4
turn, forms an intramolecular salt bridge with residues R70 and R74 on the α3-helix, and this
interaction may serve to orient the α3 and α4 helices in Wzb and therefore, the association with
WzcCD C may lead to large-scale perturbations in the former. Further, R70 is relatively in close
Δ

proximity to Glu508 to enable their mutual electrostatic interactions.
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At the second site of the interface, two aromatic residues, His518 and Phe519, located on the Cterminal region of the α2-helix, interact with Wzb through specific electrostatic and hydrophobic
contacts. In particular, His518 forms a salt bridge network with D77 and K100; Phe519 takes
part in the hydrophobic interactions with F2. It is notable that in addition to the residues of the
508

Glu-(Xxx)2-Arg-(Xxx)2-Arg514 motif, His518 and Phe519 are also highly conserved amongst

BY-kinases

89

. On Wzb, residues D77 and K100 are highly conserved amongst LMW-PTPs,

While E96 and R98 located on the α4-β4 region show a high degree of conservation among
bacterial Class II LMW-PTPs (Figure 3-16). R70 is neither conserved nor replaced by a
similarly charged residue in bacterial LMW-PTPs.
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Figure 3-15: The interaction interface of the WzbWzcCD C complex.
Δ

The positions of residues involved in forming the interface are colored as follows: for WzcCD C
the α2-helix containing the conserved 508Glu-(Xxx)2-Arg-(Xxx)2-Arg 514 is colored yellow; for
Wzb R70 (α3) and D77 (α3-β3 turn) are shown in blue sticks and labelled, E96, R98, and K100
(α4-β4 turn) are shown as orange sticks and labeled. The inset on the left shows the details of the
first site of the protein-protein interface formed between E96, R98, and R70 of Wzb and Glu508,
Arg511 and Arg114 of WzcCD C. The right inset shows the details of the second site formed by
F2, D77 and K100 on Wzb and His518 and Phe519 on WzcCD C. The location of the starting
sequence of the Y-cluster on WzcCD C is colored in red and labeled. At the catalytic site of Wzb
the P-loop harbouring the catalytic C9 is shown in red, and the D-loop is shown in blue.
Δ

Δ

Δ

Δ
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Figure 3-16: Sequence alignment of bacterial LMW-PTPs.
The secondary structures indicated at the top of the sequences for bacterial type II LMW-PTPs71
are from Wzb. Conserved residues are highlighted in red. Wzb residues at the interaction
interface in the structure of the WzbWzcCD C complex are indicated by the blue (R70 and D77)
and orange (for E96, R98, and K100) boxes. The figure was generated using the ESPript server
92
.
Δ
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3.3.5 Mutations at the interface of the WzbWzcCD C complex
Δ

To test the proposed interface in the Wzb•WzcCD C complex, we mutated specific Wzb
Δ

residues suggested to be key in stabilizing the interface. The role of the α2-helix in WzcCD C has
Δ

been previously characterized biochemically. The mutant Wzb proteins were evaluated for
proper folding by NMR and tested for their ability to interact with WzcCD C using ITC
Δ

measurements. Specifically, charged residues on Wzb that were poised to form salt-bridges with
corresponding residues on WzcCD C were mutated. Based on the structural model of the complex
Δ

shown in Figure 3-15, R70, E96 and R98 of Wzb are potentially involved in salt-bridge and
hydrogen bond interactions with residues of the conserved

508

Glu-(Xxx)2-Arg-(Xxx)2-Arg514

motif of WzcCD C; D77 on Wzb forms a salt-bridge His518 of WzcCD C. Of these Wzb residues,
Δ

Δ

R70 shows low or no conservation, D77 is fully conserved, while E96 and R98 show high-levels
of conservation (Figure 3-16). To this end, we created a R70E/R98A double mutant together
with E96A and D77A single mutants. The spectrum of D77A suggested partial destabilization of
Wzb as a result of the mutation while the spectra of the R70E/R98A and E96A mutants
suggested that these maintained a folded state as assessed by NMR (Figure 3-17). For the latter
two mutants, the heat associated with binding was low and the quality of the ITC data was not
adequate for a quantitative characterization (Figure 3-18A,B). However, the data appear to
suggest compromised binding. Further studies are needed to ascertain the functional
consequences of these mutations and determine to what extent these mutations affect the ability
of Wzb to dephosphorylate WzcCD.
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Figure 3-17: 1H, 15N-TROSY (600 MHz) spectra of Wzb mutants.
The spectra of E96A (A) and R70E/R98A (B) show dispersed resonances suggesting properly
folded species, with minimal structural perturbations compared to wild-type protein (the
spectrum of wild-type Wzb is shown in red). The spectrum of the D77A (C), on the other hand,
indicates a partially destabilized species.
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Figure 3-18: ITC measurements of the interaction between WzcCD C and specific Wzb
mutants.
Δ

Data for the (A) E96A and (B) R70E/R98A mutants of Wzb are shown. All experiments were
performed in duplicate.
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3.3.6 The structure of the WzbWzcCD C complex is compatible with dephosphorylation of
Δ

the tyrosine cluster of WzcCD.
As noted previously, the C-terminus of WzcCD contains the following six-tyrosine residues –
Tyr705, Tyr708, Tyr710, Tyr711, Tyr713, and Tyr715. All of these residues were found to be
capable of being auto-phosphorylated with the exception of Tyr705 90. Therefore, it follows that
a structure of the WzbWzcCD C complex should be compatible with the dephosphorylation of all
Δ

of these tyrosine residues with the exception of Tyr705. However, the structure of WzbWzcCD C
Δ

complex calculated in the present case lacks the flexible C-terminal of WzcCD that bears this
cluster (Y-cluster) and it is important to test whether all of the tyrosine residues (with the
exception of Tyr705) could be individually accommodated in the Wzb catalytic site in the
context of this structure. Given the relative orientation of the two interacting partners, Tyr708 on
WzcCD would be farthest from the active site of Wzb and it would be sufficient to demonstrate
that this residue is able to access the Wzb catalytic elements.
The flexible Y-cluster segment (comprising residues Arg701 through Lys719) were
computationally introduced into the lowest energy structure of the PRE-derived structural model
of the WzbWzcCD C complex using the auto-model functionality in the Modeller suite190. Tyr708
Δ

was placed to be proximal to the catalytic elements of Wzb by introducing distance restraints
analogous to the distances found in the crystal structure of the eukaryotic LMW-PTP (LTP1)
bound to p-nitrophenyl phosphate (PDB ID: 1D1P)

191

. The models were refined using an MD

protocol consisting of a conjugate gradients optimization followed by a simulated annealing
protocol. In the final model, Tyr708 can indeed be positioned within the Wzb catalytic site
without distortions in the structure of the template WzbWzcCD C complex. The average
Δ

backbone RMSD of the four structural ensembles of the modeled Y-cluster WzbWzcCD

Imane Djemil - May 2020

113

Structural and Dynamic Features of a Transiently Assembled Complex between a Bacterial Tyrosine Kinase and its
Cognate Phosphatase

complex measured at ~ 1.7Å with respect to the template complex used for modeling the Ycluster (Figure 3-19). In the orientation shown in Figure 3-20, the Y-cluster approaches the
catalytic cavity of Wzb from the left, accessing the Wzb catalytic site from the left of the α4helix and the D-loop. At the active site, as shown in the inset, Tyr708 is proximal to the catalytic
C9 of Wzb, and its aromatic ring is positioned near Y117 (that stabilizes the phospho-tyrosine
substrate via base stacking interaction), and its hydroxyl group positions next to R15 that
stabilize the phosphate moiety, and D115 that act as the proton donor in the dephosphorylation
reaction (see Figure 1-2 in Chapter 1), respectively. In this model, Tyr705 (the only
unphosphorylated tyrosine residue) might not be able to access the active site of Wzb, without
causing distortion to the interface. Thus, the structure of WzbWzcCD C complex determined here
Δ

is indeed compatible with Wzb function.
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Figure 3-19: Comparison of the template WzbWzcCD C complex of ClusterALL with the
structural ensemble of WzbWzcCD complex with the modelled Y-cluster tail.
Δ

The template WzbWzcCD C complex (purple), and the complex with the modelled Y-cluster tail
(grey), the Y-clusters are shown in green.
Δ
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Figure 3-20: The WzbWzcCD C complex is compatible with Y-cluster dephosphorylation.
Δ

(A) Schematic representation of the WzcCD construct with the C-terminal tyrosine cluster
modelled in. Tyr705 that is not auto-phosphorylated is shown red and Tyr708 that is modelled
into the Wzb active site is shown in green. (B) The Y-cluster of WzcCD modelled into the
structure of the WzbWzcCD C complex. The tyrosine residues Tyr705, Tyr710, Tyr711, Tyr713,
Tyr715 are shown in stick representation, and Tyr708 is shown in bold stick representation and
labeled. On Wzb, the location of residues involved in the docking interactions with WzcCD C are
shown in orange and the catalytic loops are colored as follows: P-loop (red), D-loop (blue) and
the corresponding catalytic residues in stick representation and labeled; and for the W-loop
residue L40 is shown in magenta. For WzcCD, the α2-helix is shown in yellow, and the catalytic
site Walker motifs are shown in red. The inset on the right shows the Tyr708 positioned within
the catalytic cavity of Wzb and the key catalytic elements of the latter are labelled.
Δ

Δ
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APPENDIX
Table 3-1: Interaction of Wzb with WzcCD C variants
Δ

WzcCD C
Wild-type
Cys544Ser/Cys566Ser (cysless)
Leu505Cys
Ser516Cys
Gln523Cys
Lys556Cys
Val466Cys
Δ

KD (µM)
10.6 ± 3.3
13.4 ± 2.0
50.3 ± 8.9
5.5 ± 1.5
11.7 ± 1.7
16.5 ± 2.4
17.4 ± 2.8

The single cysteine mutants were generated in the background of the cysteine-less variant.
Table 3-2: PRE-derived distance restraints used to derive the structure of the complex.
NH
group

Sγ
atom

K84
R85
H86
I87
E88
L90
C91
E92
M93
A94
E96
M97
R98
G99
V101
L103
E110
S69
R70
R71
C73
N75
C91
M93
E96
M97
R98

V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
V466C
L505C
L505C
L505C
L505C
L505C
L505C
L505C
L505C
L505C
L505C

Distance
constraints
(Å)
16.4
15.2
15.5
13.8
12.3
13.8
13.6
12.2
14.1
14.6
14.9
15.0
13.7
13.0
14.0
16.2
16.2
15.2
12.8
14.7
15.7
13.4
17.6
14.5
14.1
13.0
17.9

Lower
bound

Upper
bound

4.20
4.16
4.17
4.13
4.10
4.12
4.13
4.10
4.14
4.15
4.17
4.16
4.13
4.18
4.14
4.18
4.17
4.15
4.17
4.21
4.42
4.14
4.23
4.14
4.79
4.12
4.27

4.72
4.67
4.68
4.64
4.60
4.63
4.64
4.60
4.65
4.66
4.68
4.67
4.64
4.70
4.65
4.69
4.69
4.66
4.66
4.73
4.02
4.65
4.75
4.65
4.80
4.62
4.81
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NH
group

Sγ
atom

K100
I79
L80
T81
L83
K84
H86
I87
C91
E92
V101
H106
W107
N109
L140
A141
M103
F104
D108
N109
E110
A135
Q140
A141
N143
A144
E145
Q146
V147
M1
F2
N4
R71
C73
R74
Y76
D77
L78
I79
E96
R98
G99
K100
V101
M102

L505C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
S516C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
Q523C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C
K556C

Distance
constraints
(Å)
17.7
20.0
22.3
18.1
20.3
18.7
19.2
21.9
19.3
22.4
19.1
19.2
17.9
18.9
19.2
19.0
18.2
17.1
17.2
16.7
18.3
16.9
17.6
17.0
18.7
18.8
19.2
18.6
18.9
13.2
14.4
16.1
16.1
14.6
15.4
15.6
16.0
15.2
16.2
15.4
15.6
14.2
15.4
15.4
16.9

Lower
bound

Upper
bound

4.28
4.96
4.09
4.49
4.83
4.52
4.42
4.94
4.49
4.58
4.82
4.26
4.35
4.17
4.25
4.47
4.24
4.24
4.23
4.19
4.23
4.35
4.29
4.30
4.35
4.31
4.26
4.23
4.23
4.14
4.18
4.32
4.26
4.22
4.23
4.25
4.29
4.19
4.30
4.29
4.22
4.31
4.23
4.23
4.32

4.82
4.95
4.16
4.11
4.66
4.15
4.00
4.17
4.10
4.21
4.67
4.79
4.91
4.68
4.77
4.08
4.76
5.12
4.75
4.71
4.78
4.90
4.82
4.84
4.90
4.84
4.79
4.75
4.75
4.64
4.69
4.86
4.79
4.74
4.75
4.78
4.83
4.70
4.84
4.83
4.73
4.86
4.75
4.75
4.86
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NH
group

Sγ
atom

L142
N143
A144
E145
Q146
V147

K556C
K556C
K556C
K556C
K556C
K556C

Distance
constraints
(Å)
16.1
14.8
15.3
14.7
13.5
14.1

Lower
bound

Upper
bound

4.24
4.18
4.18
4.16
0.14
4.15

4.76
4.69
4.69
4.67
4.64
4.66

Table 3-3: List of residues used to generate AIR (Ambiguous interaction restraints) for
structural calculations using HADDOCKa.
Proteins

Active residues

Passive residues

b.

WzcCD C

467,508,511,512,514,518,519,
522.

460,465,468,469,471,501,502,503,509,515,520,
524,525,526,527,552,553,554,637,638,691

Wzb

2,4,74,75,77,84,89,100,137

1,3,31,32,33,37,69,70,71,72,85,87,88,91,92,93,
95,96,98,99,102,106,107,108,109,110,111,112,
130,133,136,140,141, and 145.

Δ

c.

a.

Ambiguous interaction restraints were determined from experimental data obtained using NMR
spectral perturbation, mutagenesis 119 and relaxation dispersion data. All residues defined as
active were considered solvent exposed if their side-chains displayed at least 30% solvent
accessible surface area (SASA), determined using the program NACCESS 186. For both WzcCD C
and Wzb passive residues were defined automatically by HADDOCK as surface expose residues
within 6.5Å of the active residue.
Δ

b.

For WzcCD C, the active residues were defined from NMR spectral perturbations for residues
broadened beyond noise level (Figure 3-21) (displaying an average resonance attenuations of ~
90 % at a 1:0.25 molar ratio). And for residues when mutated the binding affinity of Wzb was
reduced (the triple-mutants Glu508Ala, Arg511Ala, and Arg514Ala of the binding motif) 119.
Passive residues in blue font are solvent exposed and within 6.5 Å of the active (fullyattenuated). Passive residues in green font are solvent exposed that attenuated by at least 50%
and within 6.5 Å of the fully attenuated.
Δ

c.

For Wzb, the active residues were defined based on the CPMG relaxation experiments, where
residues displaying significant exchange contribution (Rex > 10 at pB = 0.24) were chosen.
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Figure 3-21: Plots of the attenuations in 1H,15N TROSY-HSQC spectra of uniformly 2H,
15
N-labeled WzcCD C in the presence of 2H-labeled Wzb at a 1:0.25 molar ratio.
Δ

Table 3-4. Statistics analysis of the structure of the Wzb•WzcCD C complex, using PREderived distance restraints listed in Table 3-2, and ambiguous restraints listed in Table 3-3.
Δ

HADDOCK score
ClusterAll
Cluster size
RMSD from the overall lowest-energy structure
Van der Waals energy
Electrostatic energy
Desolvation energy
Restraints violation energy (AIRs)
Buried Surface Area

-73.7 +/- 6.2
200
0.9 ± 0.6
-35.9 ± 4.8
-98.5 ± 23.3
-25.7 ± 4.2
76.1 +/- 37.52
1141.2 +/- 58.7

Table 3-5. Statistics analysis of the Wzb•WzcCD C complex structures obtained from
incorporating only PRE-derived distance restraints listed in Table 3-2.
Δ

HADDOCK score
ClusterPRE
Cluster size
RMSD from the overall lowest-energy structure
Van der Waals energy
Electrostatic energy
Desolvation energy
Restraints violation energy
Buried Surface Area

-48.3 +/- 3.9
200
1.3 ± 1.0
-19.1 ± 0.8
-76.4 ± 6.5
-14.0 ± 2.8
0.7 ± 0.14
829.9 ± 19.4
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4 CONCLUSIONS

The availability of a structural model of the WzbWzcCD C complex provides us with the
Δ

ability to interpret the relaxation dispersion data presented in Chapter 2 in structural and dynamic
terms. To recall, using data at 600 and 800 MHz (for a pB value 0. 24) a global fit yielded three
separate clusters in the fast-to-intermediate chemical exchange regime with distinct kex values, in
addition to some isolated residues in the same regime and a few residues including the catalytic
C9 that are in slow exchange (see Table 2-2, and 2-3, chapter 2). Of these, all of the residues
belonging to the first cluster (kex of ~738s-1) that includes D77, E96, R98 and K100 make specific
contacts with WzcCD C (shown as red spheres in Figure 4-1). We suggest that the relaxation
Δ

dispersion seen for these residues report on events that represent the association and subsequent
dissociation of WzcCD C from Wzb. Indeed, of these residues, D77 shows the highest Rex value
Δ

(34.5 ± 3.3 s-1) at a pB value of 0.24. Using this kex and the ITC-determined KD would suggest a
diffusion-limited kon of 5.7 ×107 M-1 s-1 and a corresponding and koff = 565 ± 46 s-1. Residues
belonging to Cluster 3 (Q140, L142 and N143) also located near the interface on the C-terminal
end of Wzb (shown as yellow spheres in Figure 4-1) likely report on secondary conformational
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changes resulting from the interaction of Cluster 1 residues with WzcCD C.
Δ

In our model, residues at the end of β3 (T81), the β3-α4 loop (M82) and the α4-helix (R84,
E88, R89 and C91) contained within dynamic Cluster 2 are not involved in a direct contact with
WzcCD C (shown as orange spheres in Figure 4-1), and the exchange observed for these residues
Δ

could be, as for the residues of Cluster 2, a consequence of conformational rearrangements
induced by binding. The fact that three separate dynamic clusters represent the fast exchange
regime suggests that each cluster likely plays a different role during or following docking event.
Relaxation studies in a variety of enzymes, have reported the enhancement of catalytic efficiency
through conformational changes that are allosterically transmitted to the catalytic site upon
substrate or effector binding at a remote docking sites
substrate-analog

e.g.

a

non-cleavable

192–194

. Notably, mere presence of a

phospho-peptide

(EY*E;Y*=4-

phosphomonomethylphenylalanine) did not activate millisecond timescale dynamics in Wzb.
This further indicates that the distal association of WzcCD C is necessary to activate the
Δ

conformational dynamics observed for the catalytic cysteine, C9, that as noted previously
exhibits slow conformational exchange that likely suggests adoption of a conformation suitable
to allow for efficient catalysis.
In addition to C9, several residues experience localized dynamics in the slow exchange
including F2, R74 and I79 display among the largest Rex values (>25 s-1 at a pB =0.24) (Figure
4-1, blue spheres). Other residues, which could not be assigned to any cluster, also show
localized dynamics in the fast exchange regime (R71, N75, and N4; (Figure 4-1, grey spheres)).
These residues are located very close to those of Cluster 1 described earlier and likely represent
binding-induced conformational changes. It is possible that in the absence of an actual substrate
(i.e., the phosphorylated Y-cluster), the dynamics in this region remain uncorrelated, whereas in
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the presence of the phosphorylated tail the dynamics at these sites could shift to a single motional
timescale. Such an effect has been reported for several enzymes such as the eukaryotic MAPKs
p38

195

, ERK2

196

, and Arsenate reductase (ArsC)

197

. A number of studies have identified that

the dynamics within an enzyme could also comprise of localized motional modes that couple to a
larger dynamic network

164,196,198–201

. Further studies are needed to confirm which of these

classes, or perhaps others, that best describe the slow dynamic modes in WzcCD.
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Figure 4-1 Sites with exchange contributions to the transverse relaxation rates mapped
onto the structure of the WzbWzcCD C complex.
Δ

Colored spheres indicate the group of residues that contain significant exchange contributions to
the transverse relaxation rates. Residues in the fast exchange regime are color coded as in Figure
2-6 of Chapter 2. Cluster (red, kex ~738 s-1) shown to be in the proximity of the α2-helix of
WzcCD C (yellow) at the protein-protein interface. Cluster 2 (orange, kex ~ 416 s-1) and Cluster 3
(yellow, kex ~ 240 s-1) while not directly at the interface, lies in close proximity to it. Orphan
residues in fast exchange that do not belong to any of the three clusters are shown as grey
spheres. Residues that exhibit exchange on the slow timescale are shown as blue spheres.
Δ
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Taken together, these data suggest that docking of WzcCD occurs at a distance of about ~15 Å
away from the catalytic cysteine triggering a series of conformational changes that propagate
from the protein-protein interface to the Wzb catalytic site likely priming the catalytic elements
to engage and dephosphorylate the phosphorylated Y-cluster tyrosines. Given the fact that M82
is highly conserved it would be interesting to see the effects of this mutation on the dynamics of
the P-loop. However, the precise conformational changes in this process remain unclear and will
require a range of in silico molecular dynamics (MD) simulation approaches to characterize the
relationship between WzcCD C binding and the catalytic site structural dynamics
Δ

202–205

. Another

open question that would require further investigation is whether the dephosphorylation process
is processive or distributive i.e. whether a single docking event leads to multi-site or to singlesite dephosphorylation? Obtaining an answer to this question would require a precise
mathematical analyses of carefully designed kinetic assays 206,207.
It is likely that the dynamics seen at the protein-protein interface of Wzb is mirrored by those
seen at the corresponding interface on WzcCD C. Characterizing these latter interactions will be
Δ

the goal of future studies. Given the wide conservation of LMW-PTP/BY-kinase pairs in Gramnegative and Gram-positive species including in human pathogens such as K. pneumoniae in
which they appear to be central for the production of virulence determining capsules, an
approach similar to the one described above would be extremely useful to obtain functional
insights in atomic detail.
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